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(u)  Tina  report  presents  the  work  accomnl  i shod  during 
tin.'  fourth  report  period  of  the  Aerospikc  Advanced  Develop¬ 
ment  Program  uiiv.vr  Air  Force  Contract  AFOA (t>l  1 )- '■  1399. 

The  report  covers  the  period  1  December  1 999  through  128 
February  i%7-  A  put  tion  of  the  design  and  tooling  effort 
in  Task  11  represents  a  joint  effort  with  the  Advanced 
Engineering  Frogram,  Systems  and  Dynamics  Investigation 
(nerosjiike)  Contract  NAS  8-19,  This  report  has  been  as¬ 
signed  llocketdyno  report  No. 

(U)  l\ib  1  i ea ti on  of  this  report  does  not  constitute  Air 
Force  approval  of  the  reports’  findings  or  conclusions. 

It  is  published  only  for  the  exchange  and  stimulation  of 
new  ideas. 


Vernon  L.  Meliugh 
l/U,  USAF 
Project  Engineer 


ABSTRACT 


(li)  Program  status  and  technical  results  obtained  at 
the  end  oi  the  report  period  are  described  for  the  Ad¬ 
vanced  Development  Program,  Aerospike.  This  program  in¬ 
cludes  analysis  and  preliminary  design  of  an  advanced 
rocket  engine  using  an  Aerospike  nozzle  and  experimental 
evaluation  of  critical  technology  related  to  the  Aero- 
spike  concept.  Component  ami  system  features,  physical 
arrangements,  and  design  parameters  and  details  have 
been  established  for  an  optimum  demonstrator  pngine. 
Studies  of  application  of  a  flight  engine  to  certain 
vehicles  are  completed.  Experimental  injector  perform¬ 
ance  investigations  on  a  segment  chamber  and  experimental 
cooling  investigations  on  segment  chambers  and  material 
studies  are  completed.  Fabrication  of  full-scale,  cooled 
thrust  chambers  for  performance  demonstrations  is  under 
way.  Fabrication  of  segments  for  structural  and  cooling 
cvuiuuLiuua  is  also  in  progress. 


iii/iv 


CONFIDENTIAL 


CONTI 'NTS 

Jo  reword  . iii 

Abatiact  .  iii 

I .  introduction . , . .  1 

I I .  Sumnary . . . .  3 

III.  Program  Statue  .  .....  11 

A.  Task  1,  Design  and  Analysis . .  11 

1.  Module  Design . 11 

2.  Application  Study  .  79 

II.  Task  2,  i'ulu  icu Lion  and  Test . 101 

1.  Injector  Performance  Investigation,  2.5K  Solid-Wall 

Segments  . . 101 

2.  Thrust  Chamber  Cooling  Investigations ,  2.5K 

Tube -Wall  Segments  .  108 

3.  Thrust  Charalier  Nozzle  Demonstration,  250K  118 

4.  20K  Segment  Structural  Evaluation  .  1^1 

C.  Conclusions  and  Uccontacudations  .  . . .  1.31 

Heferenr.es . . . 133 

Nomenclature . . . 155 

Appendix  A 

Theoretical  base  Rlecd  Pressure  Correlation  Techniques  .  ,  .  .  157 

Appendix  D 

Tabular  Summary  of  2. 5K  Water-Cooled  Copper  Segment  .  159 


CONFIDENTIAL 


CONFIDENTIAL 


ILLUSTRATIONS 

1.  Program  Milestones  .  .  5 

2.  I*ump  Discharge  Pressure  vs  Thrust  . ,  13 

3-  Pump  Flowrate  vs  Thrust . 13 

4.  Turbopump  Speed  vs  Thrust . 14 

5-  Turbopump  Horsepower  vs  Thrust  . 14 

0.  Turbine  Inlet  Pressure  vs  Thrust  .....  13 

7.  Turbine  Flowrate  vs  Thrust  .  15 

8.  Propellant  Pump  Inlet  Conditions . 19 

9.  Start  Transient  Valve  Sequencing  .  ,  20 

10.  ADP  Module  Start  Sequence . 21 

11.  Start  Transient  Pressure  Buildups  .  23 

12.  Start  Transient  Flowrate  Buildups  .  ...  23 

13.  Pressure  Cutoff  Decay  .  . .  24 

14.  Pump  Speed  Cutoff  Decay . 24 

15.  Thrust  Chamber  Mixture  Ratio  vs  Tiue 

From  Cutoff  . . 25 

16.  Preliminary  Layout  and  Functional  Diagram,  ADP 

Closed-Loop  Throttling  and  Mixture  Ratio  Controls  ....  2 6 

17-  Demonstrator  Module,  Layout  .  29 

18.  System  and  Subsystem  Schematic  . 31 

19-  Thrust  System  Layout  . . 35 

20.  Propellant  Feed  SubayBtem  Layout  .  37 

21 .  Igniter,.  Jiot-ijus  Distribution  Manifold  ........  4i 

22.  Mark  30  Fuel  Turbopump . 43 

23.  Mark  30  Turbine  Disc  Profiles . 47 

24.  Sunmary  of  Spr ingrates  for  Fixed-Fixed  Struts  .  4o 

25-  Summary  of  Spiingrates  for  Pinned-Pinned  Struts  .  49 

26.  Radial  Springratee  . 50 

27.  250K  Thrust  Chandler  Demonstrator  Module  .  53 


VII 


CONFIDENTIAL 


28.  Step  Method  of  Installing  mu]  Muchining  Duffle  boat  ...  57 

29.  Injector  and  UuiTJi;  Assembly  Design . 59 

50.  Axiul  Doited  Injector  Design  Concepts . Gi 

51.  Integral  Uul'l'le  Injector  . Gil 

511.  Flat  Mate  Duse  Closure . GG 

55-  Obinte  Spheroidal  Membrunce  Duse  Closure . GO 

34.  Main  Oxidizer  1'ropellunt  Valve  buyout . 09 

35.  Main  Fuel  Propellant  Valve  Layout  . 71 

30.  Tupoff  Throttle  Valve  Design  .  75 


37.  llot-Gus  Ignitor  Temperature  Start  Transient  .  78 

38.  Main  Chamber  Mixture  llatio  Start  Transient  .  78 

39.  Minimum  Mount  Height,  Propellant  Feed  System  Limit  ....  80 


40.  Minimum  Structural  Mount  Height  Limit  .  81 

41.  Cases  1  and  3  Thrust  Structures . 83 


42.  Normalized  Installation  Weight  Variation  With 

Thrust  Structure  Height,  Case  1 .  ...  84 

43.  Normalized  lairing  Area  Variation  With  Thrust 


Structure  Height,  Case  1  84 

44.  Normalized  Installation  Weight-  Variation  With  Thr  ust 

Structure  Height,  Case  2  85 

45.  Normalized  Interstage  Area  Variation  With  Thrust 

Structure  Height,  Case  2  85 

40,  Normalized  Installation  Weight  Variation  With 

Thrust  Structure  Height,  Case  3  . . 80 

47.  Normalized  Fairing  Area  Variation  With  Thrust 

Structure  Height,  Case  3  80 

48.  Normalized  Installation  Weight  Variation  With 

Thrust  Structure  Height,  Case  4  .  87 

49-  Normalized  lairing  Area  Variation  With  Thrust 

Structure  Height,  Case  4  . . 87 


viii 

CONFIDENTIAL 


GONFIDFNTIAL 


3«. 


53. 


54. 

55. 
50. 


57. 


58. 


59. 

CO. 


61. 


62. 

03- 

64. 

65. 

66. 

68. 


69. 


70. 


Normul  ized  lnstuJ  lotion  Weight  Variation  Wi  lli 
Thrust  Structure  Height,  Case  5  .... 


XT..  . — ..  1  ;  »  ^/1  ;  M:M»  A _ _  trM  j  : _  1.':  ii.  mi _ i 

HjiiUUi  JI1VU  ldAl  hj  VU  V(U  1U61UU  ni  U1  lUi  UO  t 


Structure  Height,  Cage  5  ......... 

Normalized  Installation  Weight  Variation  With 
Thrust  Structure  Height,  Case  6  ....... 

Normalized  Fiuring  and  Interstage  Areas  Variation  With 

Thrust  Structure  Height,  Case  6  . 

Chamber  Pressure  Optimization,  Case  1  ..... 

Mixture  llutio  Optimization,  Case  1 . 

Chamber  Pressure  Optimization,  Case  2  . 

Mixture  llutio  Optimization,  Case  2 . 

Chamber  Pressure  Optimization ,  Cuse  3  ..... 

Mixture  llatio  Optimization,  Case  3 . 

Chamber  Pressure  Optimization,  Case  4  ..... 

Mixture  llatio  Optimization,  Case  4 . 

Chamber  Pressure  Optimization,  Case  5  . 

Mixture  llatio  Optimization,  Case  5 . 

Chamber  Pressure  Optimization,  Case  6  . 

Mixture  llutio  Optimization,  Case  6 . 

Comparison  oi'  Lffect  of  Mixture  llatio  on  Optimum 

Performance,  Cuses  1  Through  3  . 

Comparison  of  Effort  of  Mixture  Rutio  on  Opt i mum 

Performance,  Coses  4  Through  6  . 

Characteristic  Velocity  Lfficiency  Over  the  Mixture 
llatio  Range  for  Chamber  Pressures  Prom  900  to 

1305  psia  .  . .  . 

2.5K  ADP  Copper  Tube-Wall  Overall  Heat  Transfer 

Characteristics  .  .... 

2.3K  Copper  Tube— Wall  Thiust  Chamber  Heat  Transfer 
Distribution  .  .... 


88 

88 

89 

89 

92 

92 

93 

93 

94 

94 

95 

95 

96 

96 

97 
97 

99 

100 


103 

112 


ix 

CONFIDENTIAL 


114 


CONFIDENTIAL 


71-  Nickel  2UU  lube  Teeter  Specimens  Alter  270 

The  ram  1  Cycles . lit) 

72.  Solid-WuJ]  Thrust  (  lumber  l’i  epurut  i  on  lor 

Sti  i  [•ini'ii t  to  lteuo  Test  Site . 1  20 

7 3.  Solid-WiilJ  Thrust  Chamber  Mounted  oil  Hello 

Test  Stand  l>-2 . 121 

7 A.  ln,)eetor  Unit  No.  00]  123 

77.  Injector  Unit  No.  0U2  . )  Jh 

70.  No.  1  Inner  Tube  Wall  . 127 

77.  No.  i  Outer  Tube  Wall  . ]  20 

70.  No.  2  Inner  Tube  Wall  . 127 

79.  Uncooled  Nozzle  Extension  .  129 

HO.  Heat  irunsl’er  Results  lor  Jnncr-Body  Coolant  Tube; 

Ratio  ol'  I  lame-Side  Surface  to  Predicted  Straight 

Tube  Heat  Trails  :er  Coefficients . 130 

Hi.  lleut  Transfer  Results  for  l)uter-Bod\  Coolant  Tube; 

Ratio  of  Hume-Side  Surface  to  Predicted  Straight 

Tube  Heat  Transfer  Coefficients  ...  . 1 3 1 

H2.  Test  Seetion  Pubricuted  from  Inner  Body  Tube  of 

AIM’  Aerospike  Engine  .  132 

S3.  Test  Section  Schematic  for  Outer  Coolant  Tube 

ol  ADR  Aerospike  Engine . 133 

H'i.  Estimated  Base  Pressure  vs  Secondary  Plow  Ratio . 13*' 

H3.  Ruse  Pressure  vs  Normalized  Secondary  Plow  Ratio  ....  137 

H(>.  Base  Pressure  Ratio  vs  Normalized  Secondary 

How  Ratio . 139 

H7.  Pei  sped i \ e  View  ot  the  20K  Segment  Thrust  Chamber  ....  Ih2 

H8.  20K  Baffle  Seat  . 1 T3 

HR.  Tube-Wall  Brazed  Assembly . 1T3 

90.  20K  Cliumbei'  Segment  Maximum  Baffle  Temperature 

Bistr ibution  at  Baffle  Ends  . 1^7 

x 

CONFIDENTIAL 


CONFIDENTIAL 


91.  Baffle  Assemblies .  . 148 

92.  Lnd-Pi  u Le  Assembly  Details . 149 

U~l.  Injector  Orifice  Pattern  Designs  „  .  165 


xi  xi  i 

CONFIDENTIAL 


CONFIDENTIAL 


TABLES 


I.  Propellant  Feed  Pressure  Budget  .  16 

I I.  Turbine  Drive  System  Pressure  Budget  . 17 

3.  Sunmury  of  2. 5K  Water-Cooled  Thrust  Chamber 

Performance  Tests  .  104 

4.  Summary  of  2.5K  Film-Cooled  Thrust  Chamber 

Performance . 105 

5.  2. 5K  Water-Cooled  Thrust  Chamber  Gas  Tapoff 

Summary . 106 

6.  2.5K  Copper  Tube-Wall  Segment  Performance  Data  .  109 

7.  2.5K  Copper  Segment  ADP  Test  Series  . . 110 

8.  Summary  of  Cycling  Test  Data . Ill 

9.  Specimen  Test  Sunmary  . . 115 

10.  Secondary  Test  Fluids  . 138 

11.  Comparison  of  20K  and  250K  Demonstrator  Tube  Design  .  .  .  146 

B-l.  Toroidal  Segment  Thrust  Chamber  Performance 

Experience  Summary  . 160 


xi  ii 


CONFIDENTIAL 


I.  INTRODUCTION 

(c)  The  Advanced  Development  Program  (ADI*)  ,  Acroepike  Nozzle  Concept, 
started  1  March  1966  with  a  17-month  duration.  The  objectives  are  to 
evaluate  critical  technology  associated  with  the  Aerospike  concept  and 
produce  the  preliminary  design  of  an  advanced  hydrogen-oxygen  engi  ic  of 
the  following  characteristics: 

1.  230,000-pound  thrust  (nominal  rated)  with  throttling  to  20  per¬ 
cent  of  rated  thrust 

2.  6:1  mixture  ratio  (nominal)  with  a  range  of  5  to  7:1 

3.  96  percent  (minimum)  of  theoretical  shifting  specific  impulse 
at  rated  thrust;  93  percent  (minimum)  during  throttling 

4.  100-inch  maximum  overall  diameter 

3.  10-hours  life  between  overhauls  with  100  reuses 
6.  Restartable  at  altitude 
The  total  effort  is  comprised  of  two  major  tasks; 

Task  1,  Analysis  and  Design 

A.  Module  Design 

B.  Application  Study 
Task  2,  Fabrication  and  Test 

A.  Injector  Performance  Investigations 

B.  Thrust  Chamber  Nozzle  Investigations 

C.  Thrust  Chamber  Cooling  Investigations 

D.  Segment  Structural  Evaluation 

(c)  The  previous  three  quarterly  reports  covered  the  following  major 
areas  of  work: 

1.  Design,  fabrication,  and  testing  of  2.5K  solid-wall  segments  and 
an  array  of  injector  concepts  and  patterns 

2.  Design,  fabrication,  and  initiation  of  testing  of  tube-wall 
segments  for  thrust  chamber  cooling  investigations  of  nickel 
and  copper  tubes 

3.  Materials  analysis  and  testing  for  determination  of  fatigue 
characteristics  ao  a  function  of  processing 
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k.  Design  and  fabrication  of  230K  full-scale  eolid-vall  and  tube- 
wall  thrust  chambers  and  injectors  for  performance  demonstrations 


5.  Design  of  a  20K  structural  evaluation  segment 

6.  Design  tradeoff  studies,  functional  analyses,  and  preliminary 
design  of  a  complete  demonstrator  engine  and  its  components 

7.  Studies  of  installation  arrangements  and  weights  for  a  250K 
flight  module  and  the  vehicle  relative  performance  resulting 

(U)  This  fourth  quarterly  report  presents  the  program  status,  technical 
progress,  and  problem  areas  and  solutions  at  the  end  of  the  fourth  quarter 
of  the  Aernspike  ADI’,  and  a  brief  summary  of  planned  effort. 
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II.  SUMMARY 

(U)  The  nodule  design  aabtask  of  Task  I  was  very  nearly  completed  in 
this  quarter.  The  engine  system  layout  was  refined  including  the  valve 
selection  made  in  the  previous  quarter,  revised  turbopump  configuration, 
the  eele.  ..ed  thrust  mount,  and  other  subsystem  design  study  results.  De¬ 
sign  studies  of  the  turbine  hot-gas  discharge  and  base  closure  were  con¬ 
ducted  and  one  arrangement  was  tentatively  selected.  Start  transient 
and  throttling  dynamic  computer  model  studies  were  concluded  with  satis¬ 
factory  tank-head  start  defined. 

(U)  All  turbopump  design  features  were  selected  including  rear  bearing 
support,  preinducer  drive,  pump  seal  details,  and  turbine  disc  size  and 
shape.  The  final  layout  of  both  pumps  (prior  to  detailing)  was  nearly 
completed.  The  design  of  the  hot-gas  throttling  valve  and  main  propel¬ 
lent  valves  was  completed.  Final  design  reviews  were  conducted  on  these 
valves  and  on  the  two  turbopumps.  Demonstrator  module  thrust  chamber 
design  was  concluded  after  study  of  an  alternative,  lightweight  injector 
attachment,  selection  of  tapoff  manifold  design,  refinement  of  baffle 
seat,  manifold,  structural  details  for  fabrication  ease,  and  detailed 
tube  design.  The  final  thrust  chamber  layout  was  brought  up  to  date. 

(U)  In  the  Application  Study  subtask,  parametric  installation  weight 
data  for  the  350K  thrust  levels  was  completed  and  performance  index  values 
were  calculated  for  all  vehicles.  The  250K.  data,  previously  completed, 
were  modified  for  a  new  thrust  cone  angle  limit.  An  individual  optimum 
configuration  wae  established  for  each  of  the  12  vehicle- thrust  level 
cases,  and  various  common  optima  were  Btudied.  Preparation  of  the  appli¬ 
cations  study  special  report  was  initiated. 

(C)  In  Task  2,  there  was  no  activity  on  the  Injector  Performance  Inves¬ 
tigations,  this  subtask  having  been  completed  in  the  previous  quarter. 

In  the  Thrust  Chamber  Cooling  Investigation  subtask,  the  copper- tube-wall 
2.5K  segment  was  tested  from  300  to  1300  psi  and  up  to  a  mixture  ratio  of 
5,  demonstrating  regenerative  cooling.  Overall  heat  flux  and  performance 
agreed  with  results  obtained  on  the  solid-wall  2.5K  segments.  Two  addi¬ 
tional  nickel  tube  specimens  were  tested  on  the  fatigue-life  tube  tester 
at  the  design  wall  temperature,  indicating  a  capability  of  300  stop-start 
cycles  for  nickel  200.  The  Thrust  Chamber  Cooling  Investigation  was 
completed  except  for  analysis  of  results  from  related  programs. 

(b)  Under  the  Thrust  Chamber  Nozzle  Demonstration  subtask,  the  first 
230K  injector  and  all  components  of  the  solid-wall  chamber  assembly  were 
completed.  Tie  solid-wall  experimental  assembly  was  completed  and  mounted 
on  the  test  stand,  and  prete  t,  blowdowns  were  initiated.  The  tube-wa’l 
thrust  chamber  fabrication  proceeded  on  schedule  with  the  first  outer 
body  completing  both  furnace  braze  cycles  and  the  inner  ready  for  its 
second  and  final  cycle.  Inner  and  outer  bodies  for  the  second  chamber 
were  brought  to  the  preparation  for  braze  stage.  The  second  injector 
completed  welding  and  pressure  test  and  entered  electrical  discharge 
machining  of  the  face  slots. 
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(U)  In  the  20K  Segment  Structural  Evaluation  sultask,  fabrication  of  the 
firBt  segment  and  injector  was  brought  to  the  subassembly  stage.  E'urnace 
brazing  of  tube-wall  subassemblies  was  started  and  the  injector  welding 
nnd  machining  for  braze  completed,  injector  strips  were  drilled  and  flow 
tested.  Details  for  the  second  chamber  were  completed. 

(U)  01  the  program  milestones  (Fig.  l)  scheduled  for  this  quarter  period, 

all  excep*  three  were  met  in  this  period.  Final  Design  Review  Completed 
was  deferred  until  the  completion  of  Phase  T.  Vehicle  buyouts  Complete 
vuh  rescheduled  to  3D  March  1967.  The  230K  Solid-hull  Tests  Completed 
was  rescheduled  to  30  April  1967.  It  is  expected  tliut  this  reschedule 

will  not  affect  the  completing  of  other  program  objectives. 


4 


AIR  FORCE 

ADP  AEROSPIKE  ENGINE 

SCHEDULE  AND  REVIEW  PROCEDURE  (SARP)  CHART 
TASK  I  -DESIGN  AND  ANALYSIS 


CONFIDENTIAL 


a  — 


CONFIDENTIAL 


Figure  1.  Program  Milestones 
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Figure  1.  (Continued; 
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III,  HtOGRAM  STATUS 
A.  TASK  1,  DESIGN  AND  ANALYSIS 


1.  MODUU;  DESIGN 
a.  Status 

(c)  A  final  engine  balance  consiatent  with  the  latest  component  designs 
vao  completed  which  defined  the  engine  and  component  parameters  over  the 
complete  range  of  thrust  and  mixture  ratio  requirements.  The  start  se¬ 
quence  was  established  after  resolution  of  the  ignitor  temperature  problem 
by  a  return  to  a  two-step  main  oxidizer  valve.  The  mathematical  model 
predicts  a  start  transient  from  hot-gas  ignitor  ignition  to  full  thrust 
of  3.5  seconds.  The  shutdown  sequence  and  transients  were  also  established 
indicating  a  satisfactory  cutoff  in  400  milliseconds. 

(c)  Tli'  second  iteration  of  the  module  system  design  was  completed,  and 
subsystem  design  was  completed  on  the  pump  mounts  and  base  closure  config¬ 
urations.  The  turbine  drive  system  hot-gas  ducts  were  resized  and  rerouted 
to  accommodate  -the  series  hot-gas  valve  arrangement. 


(C)  Preliminary  turbopump  layouts  were  made  with  the  resolution  of  several 
design  tradeoff  studies.  Curvic  couplings  and  integral  turbine  blades  were 
selected  for  the  turbine  wheels,  and  a  pinned  strut  support  was  selected 
for  the  outboard  turbine  bearings.  A  rotating  diffuser  at  the  pump  dis¬ 
charge  has  been  incorporated  into  the  LOX  pump  design  replacing  the  hydrau¬ 
lic  turbine  and  high-speed  inducer,  resulting  in  a  decrease  in  balance 
drum  diameter  and  seal  speed. 

(u)  The  thrust  chamber  li.yout  was  completed  after  defining  the  injector 
and  baffle  structural  design  and  completion  of  the  tube  Bplice  study.  An 
oblate  spheroid  base  closure  design  was  selected,  and  the  overall  thrust 
chamber  assembly  sequence  established. 


(u)  The  control  valve  layouts  were  completed  for  the  main  propellant 
valves  and  the  tanoff  throttle  valve.  Heat  transfer  and  poppet  ccntcu 
analyses  ’-ere  conducted  on  the  tapoff  valve. 


b.  Progress  During  Report  Period 
(l)  System  Analysis 
(a)  Engine  Balance 

(C)  During  this  report  period,  engine  balance  analysis  was  performed  at 
the  intermediate  thrust  levels  between  20-  and  100-percent  thrust  and  over 
the  mixture  ratio  (MR)  range  from  5  to  7.  The  data  are  useful  in  deter¬ 
mining  the  component  performance  requirements  in  the  throttled  area.  Some 
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selected  turbomuchinery  parameters  are  presented  in  Fig.  2  through  7  as 
a  function  of  thrust  and  mixture  ratio.  The  latest  system  nominal 
(ME  =  6,  Pc  «  1500  psia)  pressure  distribution  for  both  the  liquid  and 
hot-guB  systems  iB  presented  in  Tables  i  and  2.  This  ual«  is  based  upon 
nominal  propellant  pump  inlet  conditions  of  32  pBia  and  41.7  R  temperature 
for  the  hydrogen  and  37*5  psia  and  1/5.5  R  for  the  oxygen.  The  complete 
range  of  inlet  conditions  over  which  the  pumps  and  system  must  operate 
is  shown  in  Fig.  8. 


(b)  Start  Dynamics 

(c)  A  simple  and  rapid  tank  head  start  was  achieved  on  the  mathematical 
start  model  with  the  thrust  chamber  at  the  worst  anticipated  environ¬ 
mental  condition  of  020  H  prior  to  initiation  of  start.  The  latest  se¬ 
quence  utilizes  the  thrust  and  mixture  ratio  control  system,  thereby 
eliminating  the  need  for  an  additional  start  control  system,  and  will 
achieve  100-percent  thrust  from  the  hot-gas  ignitor  ignition  in  approxi¬ 
mately  3.5  seconds. 

(C)  To  start  the  engine,  only  a  mainstage  thrust  command  signal,  a  main- 
stage  mixture  ratio  command  signal,  and  a  start  signal  arc  required.  The 
time  sequencing  of  the  propellant  and  hot-gas  valves  will  then  follow  as 
shown  in  Fig.  9.  The  various  stages  of  start  (time  zero,  start  initiation, 
ignition,  and  mainstage)  are  shown  in  the  schematics  of  Fig,  10- 


(C)  The  main  fuel  valve  and  hot-gas  ignitor  fuel  valve  open  first  and 
fuel  flow  is  establisNed.  The  thrust  control  system  senses  no  thrust  and 
drives  the  tapoff  throttle  valve  to  the  full-open  stop.  Similarly,  the 
mixture  ratio  control  system  senses  zero  mixture  ratio  (no  LOX  flow  and 
positive  fuel  flow)  and  drives  the  oxidizer  turbine  throttle  valve  to  the 
full-open  stop;  thus  when  power  becomes  available,  maximum  energy  is  pro¬ 
vided  to  the  turbopumps  for  breakaway  torque. 

(C)  After  an  appropriate  length  of  fuel  lead  (no  fuel  lead  is  indicated 
on  the  transients  presented;  but  realistically  0.5  to  1.0  seconds  will 
probably  be  required),  start  is  initiated  by  opening  the  hot-gas  ignitor 
oxidizer  valve,  and  combustion  is  established  in  the  ignitor.  Hot  gas 
is  supplied  to  the  turbines  and  to  the  main  chamber  (Fig.  101).  The  tur¬ 
bines  begin  to  spin,  and  the  pump  discharge  pressures  begin  to  rise.  The 
mixture  ratio  in  the  hot- gas  ignitor  is  controlled  by  the  LOX  pressure 
regulator,  thus  maintaining  the  desired  combustion  temperature. 

v,C)  Approximately  0.8  seconds  following  liot-gas  ignitor  ignition,  the 
main  oxidizer  valve  will  be  opened  to  the  first  step  position.  (A  return 
to  a  two-step  main  oxidizer  valve  was  made  to  improve  the  hot-gas  ignitor 
tenyerature  start  transient.  This  subject  is  treated  further  in  the 
Problem  Areas  and  Solutions  section.)  Main  propellant  ignition  will  be 
achieved  with  oxygen  in  the  gaBeous  state  being  injected  shortly  after 
the  main  oxidizer  valve  leaves  the  fully  closed  position  (Fig.  10c).  The 
high- temperature  oxygen  will  exist  for  only  a  very  short,  period  and  only 
at  low  chamber  pressures,  and  therfore  will  not  present  an  injector  face 
cooling  problem. 
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Figure  2.  Pump  Discharge  Pressure  vs  Thrust  Figure  3.  Pump  Flovrate  vs  Thrust 


TABLE  1 


mnTJPT  T  *\?T  IVIT>  TTOl.iCCnn'K'  unviCT1 
x  aw  a  uujltlm  a  »  « irJ !  iTiJjJu  Jiuj  DlilvM 


Nominal  Budget 
(F=250K,  MR=0: l) 

— 

Differential 

Pressure, 

p«i 

Downstream 

Pressure, 

paid 

Weight 
Flowrate, 
lb/ sec 

Liquid  Fuel  Side 

Fuel  Pump  Discharge  Pressure 

2735 

79.7 

Main  Fuel  Valve 

15 

2720 

79.7 

Fuel  High- Pressure  Duct 

91 

2629 

79-7 

Fuel  Flowmeter 

5 

2624 

79.7 

Regenerative  Coolant  Circuit 

700 

1924 

79.7 

Injector 

394 

1530 

79.7 

Chamber  Pressure  (injector  End) 

- 

1530 

79.7 

Liquid  Oxidizer  Side 

Oxidizer  Pump  Discharge  Pressure 

- 

2056 

478.3 

Oxidizer  High-Pressure  Duct 

23 

2033 

478.3 

Oxidizer  Flowmeter 

5 

2028 

478.3 

Main  Oxidizer  Valve 

10 

2018 

478.3 

Propellant  Distribution  Ducts 

34 

1984 

239.1 

Oxidizer  Thrust  Chamber  Manifold 

60 

1924 

478.3 

Injector 

394 

1530 

478.3 

Chamber  Pressure  (injector  End) 

L 

- 

1530 

• 

478.3 
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TABLE  2 

TURBINE  DRIVE  SYSTEji  PRESSURE  BUDGET 


Nominal  Budget 
(F*250K,  MEt*6:  l) 

Differential 

Pressure, 

psia 

Downstream 
Treasure , 
psia 

1 

Injector  End  Pressure 

- 

14.39 

Tapoff  Ports  and  Manifold 

67 

1 

14.39 

Tapoff  Ducts 

13 

14.59 

Tapoff  Throttle  Valve 

258 

1192 

14.39 

Distribution  Manifold 

8 

1184 

14.39 

Fuel  Turbine  Drive  Duct 

14 

1170 

10.48 

Fuel  Turbine  Calibration  Orifice 

170 

1000 

10.48 

Fuel  Turbine  Inlet  Pressure 

- 

1000 

10.48 

Fuel  Turbine  Exit  Pressure 

923 

67 

10.48 

Oxidizer  Turbine  Drive  Duct 

8 

1176 

3.91 

Oxidizer  Turbine  Throttle  Valve 

256 

920 

3.91 

Oxidizer  Turbine  Calibration 
Orifice 

170 

750 

3.91 

Oxidizer  Turbine  Inlet  Pressure 

- 

750 

3.91 

Oxidizer  Turbine  Exit  Pressure 

713 

37 

3.91 

Base  Closure  Internal  Pressure 

- 

30 

14.39 
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TABLE  2 
(Concluded) 


Nominal  Budget 
(F=l?OK,  MR-6:l) 

Differential 
Fressure , 
psia 

Downstream 
Pressure , 
psia 

Injector  End  Pressure 

- 

324 

Tapoff  Ports  and  Maui  fold 

2 

322 

Tapoff  Ducts 

0.9 

321.1 

Tapoff  Throttle  Valve 

211.0 

110.1 

Distribution  Manifold 

Fuel  Turbine  Drive  Duct 

1.1 

Fuel  Turbine  Calibration  Orifice 

16.9 

Fuel  Turbine  Inlet  Pressure 

- 

91-3 

Fuel  Turbine  Exit  Pressure 

84. 6 

6.7 

Oxidizer  Turbine  Drive  Duct 

0.6 

109-5 

Oxidizer  Turbine  Throttle  Valve 

27.9 

81.6 

Oxidizer  Turbine  Calibration 
Orifice 

14.7 

66.9 

Oxidizer  Turbine  Inlet  Pressure 

- 

66.9 

Oxidizer  Turbine  Exit  Pressure 

63-2 

3.7 

Base  Closure  Internal  Fressure 

- 

3 

Weight 
’  1 cvrat 
lb/ sec 

1.27 

1.27 

1.27 

1.27 

1.27 

0.96 

0.90 

O.96 

0.96 

0.31 

0.31 

0.31 

0.31 

0.31 

1.27 
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Figure  8.  Propellant  Pump  Inlet  Conditions 
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Figure  9.  Start  Transient  Valve  Sequencing 
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(c)  After  approximately  0.**  seconds,  full  LOX  prime  will  bt  achieved,  the 
main  oxidizer  valve  is  ramped  to  full  open,  chamber  pressure  begins  to 
rise  steeply,  the  hot-gas  ignitor  valves  are  closed,  and  the  engine  com¬ 
mences  mainstage  operation  vith  the  turbines  driven  by  main  chamber  tapoff 
flow  (Fig.lOd).  The  remainder  of  the  transient  to  command  thrust  level 
is  governed  by  the  thrust  control  system. 

(c)  The  transient  pump  flowrates  and  pressures,  and  main  chamber  pressure 
are  shown  in  Fig.  11  and  12,  Studying  these  curvea  together  with  the  valve 
sequence  (Fig.  9)  will  explain  the  action  of  the  hot-gas  throttle  valves. 
During  the  interval  when  the  LOX  manifold  iB  being  primed  (0.8  to  1.2  sec¬ 
ond),  oxidizer  flowrate  through  the  liquid  feed  system  will  rise  rapidly. 
The  active  mixture  ratio  controller  will  sense  a  high  engine  mixture  ratio 
and  begin  to  control  the  oxidizer  turbopump  speed  by  closing  the  oxidizer 
turbine  throttle  valve.  This  effect  causeB  the  LOX  pump  discharge  pres¬ 
sure  to  decay  momentarily'  but  the  fuel  pump  is  unaffected,  and  the  mixture 
ratio  will  slightly  undershoot.  The  oxidizer  turbine  throttle  valve  then 
returns  to  the  full-open  position  until  the  main  oxidizer  valve  moves  to 
the  full-open  position.  At  that  time,  the  oxidizer  flowrate  again  rises 
rapidly  and  the  mixture  ratio  controller  reacts  by  closing  the  oxidizer 
turbine  throttle  valve.  Meanwhile,  main  chamber  ignition  has  occurred  and 
chamber  pressure  rises  steeply.  This  causes  the  thrust  controller  to 
react  to  prevent  a  thrust  overshoot,  and  hence  the  tapoff  throttle  valve 
area  is  decreased.  From  this  point,  the  two  valves  react  to  bring  the 
system  to  the  command  thrust  level, 

(c)  Shutdown  Dynamics 

(c)  Engine  shutdown  is  achieved  in  a  manner  insuring  fuel-rich  thrust 
chamber  mixture  ratio  by  closing  first  the  tapoff  valve,  then  the  main 
oxidizer  valve,  and  finally  the  main  fuel  valve.  The  tapoff  throttle 
valve  is  signaled  to  close  by  a  zero  thrust  command  at  the  same  time  as 
the  main  valves  are  signaled  to  close.  The  tapoff  throttle  valve  has  the 
fastest  closing  time  (approximately  35  millisecond),  while  the  main  valves 
are  considerably  delayed  (150  millisecond  for  the  oxidizer  valve  and  400 
millisecond  for  the  fuel  vulve).  In  this  shutdown  sequence,  turbine  power 
is  cut  off  just  prior  to  main  vt Ive  closure  thus  reducing  cutoff  surges  in 
the  propellant  feed  systems.  The  cutoff  pressure  and  speed  decays  are 
shown  in  Fig.  13  and  14,  and  mixture  ratio  vs  time  in  tig.  15-  Almost 
95  percent  of  chamber  pressure  is  lost  in  the  first  150  milliseconds. 

A11  oxidizer  feed  system  pressure  surge  is  exhibited  between  100  and  150 
milliseconds,  after  which  the  chamber  pressure  decay  rate  is  more  gradual. 
Complete  shutdown  is  achieved  after  400  milliseconds. 


(d)  Controls 

(C)  Figure  16  illustrates  the  throttling  and  mixture  ratio  control  sys¬ 
tems  for  the  ADP  demonstrator  module.  All  components  of  the  control  sys¬ 
tems  with  the  exception  of  the  two  hot-gas  valves  are  test  stand  facility 
items. 
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nt  Pressure  Buildups  Figure  12.  Start  Transient  Flowrate 
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Figure  16.  Preliminary  Layout  and  Functional  Diagram,  ADP  Closed-Loop 
Throttling  and  Mixture  Ratio  Controls 


CONFIDENTIAL 


(c)  The  chamber  pressure  control  loop  senses  chamber  pressure  and  com¬ 
pares  this  signal  with  a  reference  value  supplied  by  the  programmer.  The 
difference  signal  which  is  proportional  to  the  error  is  integrated  by  the 
chamber  pressure  controller  to  produce  a  position  reference  for  the  tap- 
off  hot-gas  valve  position  control  loop.  This  position  control  loop 
operates  by  sensing  the  position  of  the  valve,  comparing  the  sensed  posi¬ 
tion  with  the  reference,  and  amplifying  the  resultant  signal  to  operate 
a  hydraulic  servovalve  which  supplies  oil  to  the  valve  actuator.  The 
logic  of  the  position  loop  is  such  that  the  valve  is  positioned  accord¬ 
ing  to  the  position  reference  input. 


(C)  To  illustrate  normal  chamber  pressure  control  operation,  an  increase 
in  the  pressure  reference  will  cause  the  tapoff  hot-gas  valve  to  start 
opening.  This  will  result  in  a  chamber  pressure  increase  which  will  con¬ 
tinue  until  chamber  pressure  equals  the  new  reference  level. 


(C)  The  mixture  ratio  control  loop  operates  by  comparing  measured  vriuizc 
flow  with  a  generated  reference  value.  If  oxidizer  flow  is  lower  than 
the  reference  value,  then  the  error  is  integrated  to  cause  opening  of 
the  oxidizer  turbine  valve  until  oxidizer  flow  has  increased  to  the  de¬ 
sired  value.  This  control  loop  has  a  valve  positiou  loop  which  operates 
in  a  manner  identical  to  that  of  the  pressure  control  loop. 


(c)  The  oxidizer  flow  reference  is  generated  by  multiplying  the  measured 
fuel  flow  by  a  factor  which  is  a  function  of  the  desired  mixture  ratio. 

(2)  System  Preliminary  Dcsigu 
(a)  Demonstrator  Module  Design 

(U)  During  this  report  period,  the  second  iteration  of  the  module  lay¬ 
out  was  completed.  The  general  arrangement  shown  in  Fig.  17  incorporates 
the  new  thrust  structure  design,  series  arranged  hut-gas  control  valves, 
propellant  flow  meters,  resized  liquid  and  gas  ducts,  and  a  new  base 
closure  configuration.  The  details  evaluation  of  this  layout  is  not  com¬ 
pleted.  A  schematic  of  the  demonstrator  module  system  and  breakout  of 
the  system  into  subsystems  is  shown  in  Fig.  18.  A  discussion  of  the 
effort  accomplished  on  each  of  the  major  subsystems  is  presented  below. 
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Figure  18.  System  and  Subsystem 
Schematic 
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(b)  Thrust  Subsystem 

Th«  +hrn«+  aubni-ntem.  Fir.  18  and  10.  is  comprised  of  the  Aeroapike 
thrust  chamber,  the  thrust  structure,  and  the  base  closure.  The  thrust 
chamber  is  discussed  in  subsequent  paragraphs  of  this  report  and  there¬ 
fore  will  not  be  covered  at  length  in  this  section. 

(u)  The  thrust  structure  conf iguration  reported  in  the  previous  quarterly 
progress  report  (AHIPL-T3-66-348)  has  been  integrated  into  the  design. 

The  intermediate  ring  of  the  thrust  structure  has  been  reduced  2  inches 
in  diameter  to  clear  the  thrust  chamber  nozzle  bands,  and  adjustment  has 
been  made  in  the  ring  elevation  to  maintain  the  radial  beam  profile 
geometry. 

(U)  A  conceptual  design  for  trunion-type  turbopump  mounts  was  prepared 
as  shown  on  the  thrust  subsystem  drawing  (Fig.  19) •  It  was  studied  for 
the  system  as  a  second  candidate  design  in  addition  to  the  previously 
reported  adjustable  mount  because  of  weight,  thrust  structure  and  pump 
structural  considerations,  and  mechanical  simplicity. 

(U)  In  this  design,  the  fuel  turbopump  is  provided  structural  support 
from  the  thrust  structure  at  the  fuel  die ’.barge  flange  (Section  C-C, 

Fig.  19)  and  by  a  structural  pad  and  fitting  (Section  D-D)  on  the  fuel 
volute  opposite  the  discharge  flange.  In  the  manner  shown  in  Fig.  19 
fittings  with  spherical  surfaces  permitting  angular  misalignment  are 
incorporated  on  the  centerlines  of  the  radial  beams  adjacent  to  the  pump. 
The  fitting  at  the  flange  provides  a  fixed  point  of  support,  and  the 
opposite  fitting  is  fixed  in  two  directions  allowing  motion  in  a  radial 
direction  from  the  pump  centerline  through  the  fitting.  A  third  support 
point  fixed  in  one  direction  is  provided  between  the  thrust  chanfcer  base 
closure  and  the  pump  shell  as  shown  in  Fig.  20  to  prevent  motion  of  the 
pump  about  the  axis  formed  by  the  two  fittings  on  the  thrust  structure. 

(U)  The  trunion  design  for  the  oxidizer  pump  provides  structural  support 
at  two  structural  pads  and  fittings  180  degrees  apart  on  the  volute  in 
the  manner  shown  in  Fig.  19.  The  other  aspects  o*  the  oxidizer  pump 
rannnt.ii  arc  identical  to  those  of  the  fuel  pump.  In  addition  to  the 
turbopump  loads,  the  turbopump  mounts  transmit  the  base  closure  thrust 
loads  to  the  thrust  structure. 

(U)  A  structural  and  interface  concept  for  the  base  closure  design  has 
been  selected  based  upon  carrying  the  base  closure  thrust  loads  in  the 
turbine  ducts  and  turbopump  sheila  to  the  thrust  structure,  A  gas-tight 
flexure  provides  the  seal  between  the  base  closure  and  the  thrust  chamber, 
and  is  a  minimum  thrust-load  carrying  member.  The  flerure,  besides  pro¬ 
viding  a  seal,  deflects  to  relieve  thermal  loads  and  accomodate  assembly 
tolerance  stackup.  The  base  closure  is  an  oblate  spheroid  composed  of 
two  thin  Inconel  718  sheila  joined  by  welding  at  their  edges.  The  forward 
surface  is  provided  with  flanges  to  mate  with  the  turbine  discharge  ducts,, 
and  the  outer  periphery  has  mechanical  fasteners  to  permit  closure  removal 
for  inspection  and  maintenance.  The  interior  volume  serves  as  a  plenum 
for  the  turbine  discharge  gases,  and  the  aft  surface  is  perforated  to 
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Figure  ?C.  Propellant  Feed 
Subsystem  Layout 


inject  these  gases  into  the  base  region  of  the  truncated  spike  nozzle. 

The  thruBt  loads  imposed  on  the  pump  shells  during  engine  operation  are 
comparable  to  the  loads  they  would  experience  from  bellows  reactions  in 
the  flexible  turbine  exhaust  duct  configuration. 

(U)  The  turbopump  mounts  and  base  closure  design  presented  require  more 
complete  structural  sizing  and  dynamic  and  thermal  analysis  before  detail¬ 
ing  can  be  initiated. 

(c)  Propellant  Feed  Subaj  teraB 

(U)  The  propellant  feed  subsystem,  Fig.  18  and  2Q  is  comprised  of  the 
fuel  and  oxidizer  turbopumps,  the  main  fuel  and  oxidizer  valves,  flow 
meters,  the  igniter  LOX  pressure  regulator,  the  igniter  propellant  valves, 
and  the  propellant  ducting.  The  turbopimp  and  main  propellant  valve 
designs  reported  in  AFHPL-TR-6 6-348  have  been  integrated  into  the  design. 
Deletion  of  the  fuel  bypass  was  also  accomplished,  and  flow  meters  are 
included  in  the  main  propellant  ducts.  As  previously  reported,  it  is  a 
design  objective  to  elininate  the  need  for  all  line  bellows.  The  location 
of  the  turbopump  centerlines  and  the  main  oxidizer  v.  Ive  position  remain 
unchanged.  The  main  oxidizer  duct  is  split  downstream  of  the  main  oxidizer 
valve  to  the  two  inlets  of  the  oxidizer  injector  manifold  180  degrees 
apart.  (See  Demonstrator  Module  Thrust  Chamber  Design  section  for  further 
discussion  of  oxidizer  manifold  design.)  Tbe  main  oxidizer  duct  upstream 
of  the  valve  is  increased  in  length  to  accommodate  a  turbine-type  flow 
meter  in  the  duct. 

(U)  The  main  fuel  valve  has  been  relocated  and  a  straight  length  of  fuel 
duct  added  to  accommodate  a  turbine-type  flow  meter  at  the  fuel  pump  dis¬ 
charge.  A  clearance  hole  is  provided  in  the  web  of  the  thrust  structure 
radial  beam  vo  permit  the  routing  which  also  accommodates  the  new  fuel 
pump  discharge  configuration.  A  honeycomb  flow  straightener  is  included 
in  the  flow  meter  assemblies  which  provides  nonswirl,  uniform,  straight 
flow  characteristics  at  tbe  rotor. 

(U)  The  sizing  of  the  main  propellant  ducts  for  flow  and  pressure  drop 
Vino  jiaan  ft ccoe1*'!  1  shi?d *  Pr elimi n** ry  * tructur& I  sizing  of*  th?  ducts  haa 
been  accomplished  and  the  ducting  and  component  interfaces  identified 
dimensionally. 

(d)  Turbine  Drive  Subsystem 

(u)  The  turbine  drive  subsystem.  Fig.  17  and  1$  is  comprised  of  the  tap- 
off  throttle  valve,  the  oxidizer  turbine  throttle  valve,  the  fuel  and 
oxidizer  turbine  orifices,  and  ducting.  The  tapoff  and  turbine  drive 
ducts  have  been  rerouted  to  accomplish  the  series  valve  arrangement.  The 
tapeff  throttle  valve  is  located  in  the  "Y”  joining  the  two  tapoff  ducts 
and  its  discharge  flange  interfaces  with  the  tapoff/igniter  distribution 
manifold.  The  concept  of  locating  the  valve  in  nn  existing  system  Y-joint 
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permitted  the  selection  of  a  poppet-type  valve  which  lias  a  considerably 
lower  open  flow  pressure  loss  than  conventional  90-degree  poppet  valves, 
thus  permitting  the  system  to  realize  the  advantages  of  low  weight  and 
lov  cost  inherent  in  the  poppet  design. 

(U)  Equal  length  tapoff  ducts  extend  from  the  two  tapoff  manifold  inter¬ 
face  flanges  to  the  valve  and  are  routed  to  provide  adequate  length  and 
shape  to  permit  deflection  with  thermal  growth.  The  oxidiic«r  turbine  con¬ 
trol  valve  upstream  interface  is  attached  to  the  distribution  manifold, 
and  the  oxidizer  turbine  drive  duct  iB  attached  to  the  downstream  face, 

The  duct  is  routed  to  permit  deflection  with  thermal  growth.  The  system 
calibration  orifices  are  located  in  the  flange  joint  interface  between 
the  distribution  manifold  and  the  fuel  turbine  inlet  and  at  the  interface 
between  the  oxidizer  turbine  throttle  valve  and  the  duct.  Sizing  of  the 
ducts  for  flow  and  pressure  drop  has  been  accomplished.  Preliminary 
structural  sizing  of  the  ducts  is  complete,  and  the  ducting  and  component 
interfaces  have  been  identified  dimensionally. 


(e)  Igniter  Subsystem 

(u)  The  igniter  subsystem,  Pig.  l?and  18,  is  comprised  of  the  igniter 
combustor  assembly,  the  igniter  isolation  valve,  and  the  igniter/turbine 
drive  hot-gas  distribution  manifold.  The  igniter  combustor  and  distribu¬ 
tion  manifold  have  been  relocated  to  conform  to  duct  routing  of  the 
series  hot-gas  valve  system  configuration.  The  distribution  manifold  h™& 
been  changed  to  a  three-port  configuration  as  shown  in  Fig.  21.  The  fuel, 
turbine  port  interfaces  directly  with  the  fuel  turbine  inlet,  the  oxidizer 
turbine  port  with  the  oxidizer  turbine  control  valve,  and  a  single  port 
with  the  tapoff  throttle  valve.  The  igniter  isolation  valve  ie  a  poppet 
typ*}  located  in  the  base  of  the  distribution  manifold.  The  poppet  position 
ie  normally  open  to  offer  low  resistance  to  gas  flow  from  the  igniter  for 
turbine  spin  at  tank  head  start  condition,  and  bt'ld  closed  by  control  pres¬ 
sure  during  mainLtage  after  igniter  shutdown.  The  manifold  passages  and 
port  from  the  igniter  are  sized  for  low  resistance  for  turbine  spin  arid 
ignition  under  start  conditions.  Structural  sizing  is  based  on  Haste  Hoy -C 
cart  material.  A  limited  design  analysis  of  the  isolation  valve  baa  been 
uc. oaplished. 


(3)  Turbomachinery  Design 
(a)  I\iel  Turbopump 
Design  Layout 

(c)  During  the  current  quarter,  a  design  review  was  held  and  review 
board  recommendations  have  been  incorporated  in  the  completed  preliminary 
layout  of  the  fuel  turbopump  shown  in  Fig.  fill.  The  turhopump  consists  of 
a  three-row  hot-gas  turbine  etreddlc  ’mounted  on  rolling  rontwet  bear  Inga 
and  directly  connected  fcc  0  two-stage  centrifugal  p»rrc.p  «nd  ft  high-speed 
inducer  running  at  n  nominal  speed  of  35,000  rp».  TJu  high-speed  inducer, 
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driven  by  the  '-ot-gas  turbine,  provides  the  head  to  drive  the  low  speed 
hydraulic  turl  ne  which  in  turn  is  connected  to  the  low  speed  inducer 
which  provides  the  capability  of  meeting  the  NPSH  requirements  of  60  feet. 
The  low  speed  inducer  and  hydraulic  turbine  drive  is  mounted  on  its  own 
propellant- lubricated  rolling  contact  bearings  and  operates  at  a  nominal 
speed  of  14,300  rpm.  The  pump  impellers  are  mounted  back-to-back  and 
fastened  together  by  a  ring  of  through  bolts  and  driven  by  the  turbine 
through  a  spiinea  coupling.  Propellant  enters  the  pump  axially,  passes 
through  the  low-speed  preinducer,  high-speed  inducer,  hydraulic  turbine, 
and  into  the  first-stage  impeller.  A  series  of  five  crossover  ducts 
carry  the  flow  from  the  discharge  of  the  first-stage  impeller  to  the  inlet 
of  the  second-stage  impeller.  Alter  passing  through  the  second-Btage 
impeller,  five  crossover  ducts  direct  the  flow  into  a  single  discharge 
duct.  Axial  thrust  of  the  turbopump  is  balanced  by  means  of  a  balance 
piston  arrangement  located  between  the  back-to-back  impellers.  The  out¬ 
board  turbine  bearing  is  supported  by  a  series  of  pinned  supports  which 
provide  a  high  spring  rate  and  allows  for  the  thermal  distortions  ex¬ 
pected  in  the  turbine  discharge  area.  Around  each  support  is  a  stream¬ 
lined  vane  to  insulate  the  support  and  provide  for  minimum  flow  disturbance 
in  the  discharge  area.  Three  additional  vanes  are  provided  (total  of  nine) 
through  which  the  bearing  coolant  flow  is  circulated  into  and  out  of  the 
turbine  bearing. 


Impeller  Attachn  -nt  Study 

(U)  A  design  study  was  made  to  determine  the  best  method  of  fastening 
the  two  back-to-back  impellers  together.  Two  methods  were  considered  :  a 
bolt  ring  at  the  maximum  diameter  allowed  by  the  hydrodynamic  passages  , 
and  a  central  hole.  Both  methods  were  found  to  be  feasible  from  a  stress 
standpoint.  However,  the  central  hole  arrangement  resulted  in  a  smaller 
shaft  diameter  (less  rigid  rotating  assembly)  and  a  piloting  problem; 
therefore,  the  bolt  ring  configuration  wbb  selected. 


Turbine  Wheel  and  Blade  Attachment  Study 

/tt\  e'ttwl'ir  vac  mn  >4  o  +  ^  m  rri  vp  n+  ihf*  hpflt.  method  of  AttfiCll- 

yi//  /Wit  WUUXUXWIM**  «  ^  ' —  — - -  - - - -  - 

ing  the  blades  to  the  turbine  vheelB  and  the  turbine  wheels  to  each  other 
to  achieve  an  optimum  design  to  meet  the  requirements  of  minimum  weight, 
long  life,  and  maintainability.  Two  methods  of  attaching  the  turbine 
discs  were  studied:  (l)  electron  beam  welding  of  wheels  and  shaft  into  a 
single  structure  and,  (2)  attaching  shaft  and  individual  wheels  by  bolting 
and  transmitting  the  torque  through  curviv.  couplings.  Fir  tree  attachments 
and  machining  the  blades  integral  with  the  discs  were  the  two  types  of  blade 
attachments  studied. 

(C)  Fir  tree  blades  with  the  discs  fastened  together  with  curvic  couplings 
result*  in  the  heaviest  design  but  it  allows  both  individual  blade  and  wheel 
replacement.  The  lightest  design  would  be  the  integrally  machined  blades 
combined  with  a  welded  wheel  assembly;  however,  it  complicates  the  mainten¬ 
ance  problem  and  also  requires  segmented  stator  assemblies,  increasing  the 
sealing  problem  between  wheels.  The  integrally  machined  blade  with  the 
curvic  coupling  design  wao  selected  because  it  offers  the  advantages  of 
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being  able  to  disassemble  and  replace  turbine  wheels  with  a  weight  penalty 
of  approximately  9  pounds  comp-ired  to  the  welded  discs  and  no  increase 
in  length  (in  a  comparison  of  the  welded  and  the  integrally  mac  (lined  blades 

O  ml  nil  n  r  1  n  cl  n  u  i  ern  n  4  Tin  f  11  »»li  »  iin  or  owl  nl  ».■  !  .1  +  V»  »\  t  ^  Vi/k  rl  1  a  a  4-  V»  4  nlrn  n  n  n 

W»»W  VM1  T  *  v  UWUA^IIU  W1IV  uu<  u  A  liv  DUUWW*  UA  *  R<  *1  C  U  Oil  ^  1IU  U  nut  U  l  OC  UiJkV.nUCOO| 

sets  the  length  of  the  unit).  Fir  trees  on  rows,  1  and  2  were  not  selected 
as  this  increases  the  length  of  the  uijit  at  least  1  inch.  Figure  23  shows 
a  comparison  of  the  disc  profiles  for  the  curvic  coupling  attached  turbine 

V'T'1  an  1  a  mri  f  Vi  f  i  r  t  rno  Til  erica  e  nd  t.ii  tVi  r  r>nr>n  T  1  r 

V  O  »  »  W»»  *  *  *  w  »  v  V  VA  MU  V  O  V*  *»«  "*  WII  Aj 

three  blade  rows. 


m  n  nil  l  n  nrl  1»  1  ml  n  o  f  nr'  nil 
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(c)  The  third  row  disc  was  sized  with  integral  blades  only,  because  blade 
fir  trees  would  cause  excessive  rim  load,  increasing  the  required  disc 
thickness  to  greater  than  2  inches.  Dlade  stresses  of  the  third  row  wheel 
are  marginal  with  a  shroud.  If  a  shroud  becomes  necessary  to  control  blade 
frequencies,  the  disc  thickness  will  have  to  be  increased  from  1.4  to 
approximately  1.6  inches. 


Outboard  Peering  Support  Design 

(U)  A  study  ox  the  design  ui  the  outboard  turbine  bearing  support  for 
both  turbopumps  was  completed.  The  support  must  be  capable  of  maintaining 
bearing  alignment  while  subjected  to  the  turbine  discharge  environmental 
conditions.  Of  the  designs  considered,  two  basic  configurations  were 
selected  for  detailed  analysis.  These  were  a  fixed  strut  support,  and  a 
pin-ended  strut  support. 


The  designs  of  fixed  strut  supports  were  subdivided  into:  radial  struts 
fixed  at  both  the  housing  and  the  bearing  carrier,  angled  struts  fixed  at 
both  the  housing  and  the  bearing  carrier,  and  radial  struts  fixed  at  the 
bearing  carrier  and  ullowed  to  move  radially  at  the  housing.  Two  sizes 
of  struts  were  analyzed:  a  minimum  size  with  a  thickness  of  0.13  inch 
and  an  axial  length  of  1.00  inch,  and  a  maximum  strut  size  dictated  by 
the  size  of  the  allowable  airfoil  section  in  the  turbine  exhaust  passage. 

A  summary  of  the  spring  rates  and  stress  analysis  for  the  fixed  strut  sup¬ 
port  is  shown  in  1-ig.  24. 


(U)  The  designs  of  the  pin-ended  strut  supports  were  subdivided  into: 


radial  struts  pinned  at.  both  the  housir 


a  nd 


mg  carrier, 


struts  pinned  at  both  the  housing  and  the  bearing  carrier,  and  radial 
struts  fixed  at  the  bearing  housing  and  pinned  and  allowed  to  both  move 
radially  and  rotate  at  the  housing.  The  same  two  strut  sizes  picked  for 
the  fixed  struts  were  analyzed  for  the  pin-ended  struts,  end  a  summary  of 
the  spring  rates  and  stress  analysis  for  the  pin-ended  strut  supports  is 
shown  in  Fig.  25. 


(U)  Figure  26  is  a  compilation  of  the  spring  rates  for  both  the  fixed 
strut  and  pinned  strut  supports  for  configurations  of  three,  six,  and 
nine  struts.  Also  shown  are  the  spring  rates  and  thickness  of  fixed 
struts  made  of  Ilastelloy-C  and  lnconel-X, 

(c)  Although  either  design  (fixed  struts  or  pinned)  is  adequate,  the  fixed 
end  struts  are  subjected  to  considerable  bending  stress  at  the  ends,  and 
for  this  reason  the  pm  ended  supports- were  selected  for  both  turbopumps. 
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DESIGN  CRITERIA  :  MAXIMUM  ALLOWABLE  OPERATING 

MATERIAL-  INCO  718  SPEEP=75-PERCENT  BURST  SPEED 

RM  TEMP  Ftu  180  KSI 


ELONGATION  15  PERCENT 
MAX  RPM  33.900 


*  UNSHROUDED  DESIGN 


t  NECK 
tDISC 
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Figure  23.  Murk  30  Turbine  Disc  Prui: ies 
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Figure  24.  Summary  of  Springrates  for  Fixed-Fixed  Struts 


Summary  of  Springrates  for  Pi nnod- Pinned  Struts 


3  Struts 


0  Struts 


9  Struts 
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NOTE:  For  the  configuration,  the  sjiringiates  are  approximately 

proportional  to  the  area,  where 

A  =  X- sectional  area  of  strut 

=  t  x  b 

b  -  maximum  allowable  width  of  strut  =  2.25  inches 
max 

t  =  Maximum  allowable  thickness  of  strut 
max 

=>  0.07  incl)  for  llastelloy-C 

=  0.10  inch  for  Inconel-X  )  Fixed  End  Only 

=  Determined  by  Thermal  Stress 

Figure  26.  Radial  Springratec 
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A  final  design  will  be  incorporated  into  the  layout  during  the  next  re¬ 
port  period,  Materials  for  the  pina  and  struts  will  be  selected  4  •x- 


3  lire  thCiiIiul 


T  v  1%  vis  Tvr  nnrl  } 
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Fuel  Pump  Thermal  Contrectlon  Effects 

(u)  The  location  of  the  fuel  pump  beer in  . th  relation  to  the  balance 
piston  imposed  a  problem  of  establishing  proper  balance  piston  clearances 
after  chilldovn,  because  of  the  ' »f ferential  ' ontraction  between  the  alum¬ 
inum  pump  housing  and  the  t<4  -,ium  pump  impeller  and  main  shaft.  Solutions 
studied  were:  (l)  the  nyr  of  an  invar  spacer  between  the  aluminum  housing 
and  the  titanium  beo'ing  support  structure,  (2)  relocation  of  the  bearing 
under  or  cloaer  tv  the  balance  piston,  and  (3)  allow  the  bearings  to  float 
axially . 

(ll)  Relocation  of  the  beuring  under  or  closer  to  the  balance  proved  im¬ 
practical  because  it  resulted  in  an  increase  in  diameter  of  the  inner 
balance  piston  orifice  such  as  to  make  the  balance  piston  ineffective. 

(c)  Roth  the  invar  spacer  and  the  free  floating  bearing  designs  were 
found  to  be  satisfactory,  and  the  free  floating  bearing  was  selected  because 
it  was  less  complex  and  thus  a  more  reliable  method.  The  balance  piBton 
is  capable  of  handing  throttling  and  operating  transients,  and  ring  materials 
will  be  selected  to  allow  for  possible  rubbing  during  the  start  transient. 

(b)  Oxid  izer  Turbopiunp 

(U)  A  preliminary  (!.u,;„b  of  the  cr.idir.cr  turbepump  ves  prerppte**  in  the 
third  quarterly  report.  This  layout  was  modified  but  not  completed  in 
this  period. 

Axial  Thrust  Balance 

(c)  Axial  thrust  analysis  on  the  through  flow  inducer  on  the  LOX  pump 
resulted  in  the  requirement  for  either  a  balance  piston  or  a  large  diameter 
balance  drum,  Because  a  balance  piston  would  complicate  the  deuign,  and 
the  large  diameter  balance  drum  rotating  at  p>ump  impeller  rpm  results  in 

a  high  labyrinth  rubbing  velocity,  a  rotating  diffuser  (impeller  tip  tur¬ 
bine)  drive  was  investigated  as  a  replacement  for  the  through  flow  turbine 
drive.  The  rotating  diffuser  design  resulted  in  a  slight  savings  in  over¬ 
all  turbopump  length,  one  less  high-pressure  seal,  and  reduced  the  balance 
drum  rubbing  velocity  from  700  to  600  ft/eec.  Because  of  these  improve¬ 
ments,  the  rotating  diffuser  design  was  selected  over  the  through  flow 
design.  Although  the  balance  drum  rubbing  velocity  was  reduced  by  100 
ft/sec,  it  is  still  considerably  higher  than  current  practice  and  could 
be  considered  a  state-of-the-art  technology  advance.  Provisions  will  be 
mode  for  fut<rc  empirical  evaluation  of  possible  seal  materials. 
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(4)  Thrust  Chamber  Design 

(U)  Thrust  chamber  design  effort  during  the  current  report  period  terrain- 


.1«.4  wx*.  wf  _  _  -  - 
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during  t lie  lust  quarter.  Included  are  resolution  of  design  approaches  to 
combustor  and  structural  configurations  and  selection  of  materials  of 
fabrication.  The  completed  thruet  chamber  design  layout  for  the  demonstrator 


listed  below. 


iuC-  layout,  liicol  poi  uien  use  uesign  uccibioiib 


Selected  Items  for  Demonstrator  Module  Thrust  Chamber 
Ni  200  Tube  Walls  (inner  and  Outer) 

Segmented  Titanium  (6  A1  4V)  structure,  Met hanicaliy  Jointed 
Removable  Baffles  (40) 

Structural  Tie  Bolts  (2  per  Baffle  -  200  KSI,  1.12-inch  Diameter) 

Membrane-Type  Centerbody 

Axially  Bolted  Injector 

Adhesively  Bonded  Tube  Vail  to  Structure 

IIot-Gas  Ignition  Through  Baffles 

Two-to-0ue  Inner  Nozzle  Splice  (Brazed) 

360-degrees  Brazed  Inner  and  Outer  Bodies 
Tapoff  Configuration  and  Location 


(a)  Thrust  Chamber 
Tubes 


(c)  The  tube  bundle  for  the  demonstrator  module  thruet  chamber  has  been 
designed  with  n  number  of  factors  in  mind.  These  include  operation  over 
the  operating  envelope  of  300-  to  1500-pBia  chamber  pressure  and  mixture 
ratios  of  3  to  7f  tube-wall  temperatures  held  to  meet  the  life  require¬ 
ments  of  300  cycles  and  10  hours  of  operation,  and  minimization  oi  coolant 
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pressure  drop  and  module  weight.  Heat  transfer  data  obtained  from  the  2.5& 
solid-wall  and  tube-wall  chambers  have  been  utilized.  Hydrogen  cooling 
requirements  are  based  on  extensive  data  taken  at  Rocketdyne  at  high 
pressures  and  high  heat  fluxes.  Recent  curvature  enhancement  data  (re¬ 
ported  elsewhere  in  thin  report),  taken  with  an  experimental  chamber 
inner  and  outer  tube,  have  also  been  used  to  the  fullest  extent. 

(C)  The  selected  design  utilizes  a  single  up  pass  on  the  inner  body 
followed  by  a  single  down  pass  on  the  outer  body.  Nickel  200,  which  was 
previously  selected  as  the  basic  tube  material,  wbb  likewise  selected  aa 
the  tube  material  for  the  tube  below  the  splice  on  the  inner  body.  Inco 
625  was  selected  ac  a  loag-range  substitute,  pending  the  accrual  of 
brazing  and  formability  data  for  this  material.  Substantial  weight  savings 
are  available  by  use  of  the  latter  material. 

(c)  The  tube  splice  was  studied  in  a  heat  transfer/presssure  drop/hydraulic 
stress  tradeoff  analysis.  II  was  determined  that  a  2:1  splice  shown  in 
Fig.  27  approximately  1  inch  below  the  shroud  tip  was  the  most  feasible. 

The  chamber  is  designed  with  approximately  2120  tubes  in  the  nozzle  and 
4240  tubes  above  the  splice  in  the  combustor  region.  Currently  both  tubes 
consist  of  0.012-dnch  nickel  200  tubing  operating  at  a  maximum  temperature 
of  1450  F.  The  tube  upstream  of  the  splice  is  designed  to  a  mixture  ratio 
of  6  at  1500-psia  chamber  pressure  which  will  produce  slightly  reduced 
wall  temperatures  at  MR  =  7-  The  tube  below  the  splice  is  designed  to 
operate  at  300-psia  chamber  pressure  and  a  mixture  ratio  of  7  at  sea  level 
conditions,  this  being  the  most  stringent  condition  for  this  part  of  the 
inner  body.  This  results  from  the  recompresBion  which  occurs  at  sea  level 
in  conjunction  with  the  low  coolant  flowrates.  Elimination  of  the  tube 
splice  by  tapering  the  tube  wall  thickness  is  feasible  but  wbb  not  selected 
because  of  the  penalty  in  fuel  pressure  drop. 


(c)  The  outer  body  consists  of  approximately  4400  tubes  of  0.010-inch 
nickel  200  material.  To  achieve  wall  temperatures  under  1500  F  (life 
requirement),  the  inner  body  was  displaced  3/l6-inch  downstream  starting 
at  the  beginning  of  the  chamber  convergence.  This  effectively  moves  the 
sonic  point  on  the  outer  body  3./l6-inch  downstream.  This  change  permits 
utilization  of  the  maximum  obtainable  coolant  curvature  enhancement  at 
the  high  heat  flux  region  of  the  throat  (58  Btu/in.^-sec  for  1450  F 
wall  temperature). 

(c)  Hydrogen  injection  temperatures  at  nominal  operating  conditions  will 
be  approximately  63O  R  based  on  theoretical  predictions.  Coolant  pressure 
drops  are  currently  being  optimized.  Additional  coolant  circuits  are  be¬ 
ing  examined  to  determine  what  advantage,  if  any,  these  circuits  may  have. 
However,  since  this  is  to  some  extent  a  function  of  the  hydrogen  coolant 
temperature  rise,  the  circuit  optimization  will  not  he  made  until  data 
from  the  25OK  tube-wall  chambers  have  been  analyzed  to  obtain  hydrogen 
temperature  rises  below  the  throat. 
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(b)  Structural  and  Seat  Assembly 

(u)  During  the  current  report  period,  resolution  of  tapoff,  baffle  seat, 
and  structural  tie  relationship  vaB  made  firm.  The  selected  configuration 
utilizes  a  360-degrec  inner  and  outer  brazed  tube  bundle  through  vhich 
baffle  seats  are  installed  through  EDM  holes.  With  this  technique,  the 
number  and  orientation  of  tubes  during  the  braze  cycle  is  not  critical. 

The  technique  for  installation  of  the  seat  through  the  tube  vails  enables 
in-process  pressure  check  and  repair,  and  precludes  entry  of  braze  alloy 
into  the  tubes.  A  pictorial  definition  of  the  process  is  shovn  in 
Fig.  28. 

(U)  Tapoff  gases  are  extracted  and  hot  gas  for  ignition  is  introduced 
through  the  baffle  and  directed  through  insulated  ducts  in  the  inner  vail 
in  an  area  not  Vended  by  the  adhesive.  Orientation  of  this  system  vith 
respect  to  the  injector  strips  is  identical  to  that,  tested  on  the  2.5K 
segment  and  is  awaiting  final  testing  demonstration  on  the  250K  experi¬ 
mental  thrust  chamber 


(c)  Injector 

!U)  The  injector  configuration  was  fixed  as  an  axially  bolted  design 
Fig. 29  )  vith  removable  baffles.  The  injector  body  is  held  in  place  by 
two  titanium  retainer  rings  vhich  are  axially  bolted  to  the  combustor 
body.  The  concept  is  shovn  in  Fig. 30a  in  comparison  to  an  alternate 
method  of  attaching  the  injector  as  shovn  in  Fig.  30b.  In  the  latter 
design,  the  axial  bolts  are  placed  through  a  steel  flange  extension  of  the 
injector.  The  retainer  ring  design  was  selected  in  preference  to  the 
steel  body  flange  design  because  of  lower  weight  and  cost  estimates. 

(U)  The  deci  sion  to  use  the  axially  bolted  concept  was  made  after  com¬ 
parison  with  an  integral  baffle-injector  design  which  utilized  the  upper 
structural  tie  bolt  as  a  shear  connection.  The  integral  concept  pro¬ 
vided  restraint  against  hydraulic  and  pneumatic  separating  loads  and 
offered  a  potential  large  weight  reduction.  The  concept,  shown  in  Fig.  3^ 
will  be  analyzed  for  growth  from  the  bolted  concept  for  application  on 
the  flight  configuration.  Alignment,  the  necessity  fur  injector  preload 
and  line  drilling  for  installation,  and  questionable  component  inter¬ 
changeability  are  problems  which  must  be  solved  before  this  light-weight 
configuration  can  be  adopted. 


(d)  Assembly 

(u)  An  assembly'  concept  using  360-degree  continuous  titanium  structure 
for  inner  and  outer  bodies  and  segmented  tube  sections  was  compared  to 
the  chosen  3^0 -degree  brazed  tube  bundle  and  segmented  titanium  structure. 
The  former  combination  made  mandatory  braze  and  weld  operations  after  the 
adhesive  application  and  magnified  segment  tolerance  and  fit-up  problems. 
Until  technology  in  theBe  areas  is  advanced,  the  adoption  of  the  poten¬ 
tially  lower-coBt  uegmented-tube  bundle  concept  will  be  deferred. 
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(u)  Mechanical  joining  of  segments  has  been  substituted  for  the  electron 
beam  welding  which  had  been  selected  earlier.  This  was  done  in  spite  of 
a  potential  weight  increase,  because  of  manufacturing  and  processing  prob- 
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control  of  the  segment  fit  to  assure  a  satisfactory  joint  penetration  con¬ 
trol  of  the  electron  beam  to  preclude  adhesive  and  tube  damage,  and  control 
of  the  welding  atmosphere  in  the  presence  of  adhesive  to  assure  a  sound 
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tion  of  the  electron  beam  welding  technique  to  flight  configurations  for  a 
weight  saving.  But  for  the  demonstrator  module,  the  mechanical  joints  will 
be  used.  The  mechanical  joint  contemplated  employs  tensile  bolts  between 
the  titanium  segment  flanges  and  line  drilled  shear  pins  for  alignment  and 
shear  carrying  capability. 


(e)  LOX  Manifold 

(u)  The  design  requirements  for  the  23®  demonstrator  module  LOX  manifold 
have  been  developed  based  on  the  following  generalized  oxidizer  manifold 
design  criteria. 


Item 

Oxygen  Quality  for  Ignition 
Differential  Priming  Time 
Design 


Criteri on 
Gas 

Balanced  ignition 

No  pockets  for  gas  cr 
dead  ends 


Static  Pressure  Distribution 


*4  percent 


Torque  No  additional  system 

weight 

Roll  Impulse  (volume),  ft- lb  sec  1000 
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results  of  a  full-scale  four  tangential  inlet  manifold,  and  l/4-scale 
transparent  models  of  the  four  tangential,  the  two  tangential,  and  the  two 
radial  inlet  types  tested  under  the  NASA  System  and  Dynamics  Investigation 
AEP.  Based  on  these  criteria,  the  following  specific  design  requirements 
for  the  250K  demonstrator  module  LOX  manifold  have  been  developed: 


1.  The  manifold  torus  should  be  a  constant  cross-section  manifold. 


2.  There  should  be  no  dead  ends  in  any  section.  With  a  constant 
cross-section  manifold  this  would  imply  complete  circulation 
from  one  sector  to  the  other. 

3.  The  inlets  should  be  of  the  tangential  type. 
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4.  The  number  of  inlets  to  the  torus  depends  on  the  desired  volume 
of  the  manifold,  the  maximum  velocity,  and  the  allowable  differ¬ 
ential  prime  time. 

5.  The  inlets  may  be  located  on  either  the  top  or  the  inside  of  the 
manifold,  and  the  inlet  should  intersect  the  manifold  torus  in  a 
tangential  manner. 

6.  The  inlet  should  have  the  same  diameter  as  the  manifold  torus,  and 
the  transition  zone  between  the  inlet  and  the  torus  should  occur 
in  a  minimum  of  25  degrees  of  arc. 

7.  Central  location  for  the  origin  of  the  inlet  ducts  or  a  uniform 
length  of  all  lines  will  not  be  required.  Acceptability  of  a 
given  design  will  be  evaluation  on  the  individual  merits  of  the 
design.  However,  as  a  general  ground  rule,  all  inlet  line  con¬ 
figurations  should  have  one-half  engine  symmetry  and  the  differ¬ 
ential  line  length  between  the  shortest  and  longest  pair  should 
not  differ  by  more  than  30  percent. 

8.  To  maintain  a  ±4  percent  static  pressure  distribution,  the  maxi¬ 
mum  manifold  velocity  should  be  60  ft/sec. 

9.  The  number  of  downcomers  will  be  controlled  by  the  injector  re¬ 
quirements.  For  the  current  injector  design,  three  downcomers 
per  baffled  compartment  should  be  employed. 

10.  The  downcomers  should  be  located  in  the  outside  section  of  the 
manifold. 

11.  The  mass  of  the  manifold  with  respect  to  the  vapor  forming  poten¬ 
tial  must  be  considered  and  maintained  at  a  minimum. 

(c)  The  specific  design  requirements  were  based  on  criteria  developed 
from  11^2  cold  flow  testing  of  the  LOX  manifold.  It  is  possible  that  hot- 
firing  engine  data  could  modify  these  criteria  which  in  turn  could  lead 
to  modification  of  the  specific  design  requirements.  One  of  the  more 
stringent  requirements,  from  the  standpoint  of  engine  system  design,  is 
the  number  of  inlets.  In  general,  more  inlets  produce  smaller  manifold 
volumes  and/or  lower  manifold  velocities.  In  addition,  the  greater  number 
of  inlets  produces  the  smaller  differential  prime  times.  (The  differential 
prime  time  is  defined  as  the  time  between  ignitable  quantities  of  oxidmr 
discharged  through  all  orifices.)  While  there  is  strong  experimental 
evidence  to  indicate  that  the  minimum  number  of  inlets  (from  an  operational 
standpoint)  should  be  no  less  than  four  (and  possibly  more),  final  evalua¬ 
tion  of  both  the  minimum  number  of  inlets  and  the  minimum  manifold  volume 
will  depend  on  the  hot-firing  test  results. 
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(f)  Base  Closure  Design 


(C)  The  two  basic  concepts  studied  for  the  module  base  closure  design  ore 
shown  in  Fig.  32  and  33.  The  first  was  a  conventional  fiat  plate  tfcSc 
closure  (similar  to  that  used  in  the  experimental  chamber)  attached  rigidly 
to  the  IJI2  thrust  chamber  manifold  at  the  nozzle  exit  (fig.  32  ).  Approxi¬ 
mately  9000-pound-thrust  load  would  be  transmitted  through  the  closure  to 
the  thrust  chamber.  The  necessity  of  flexible  connections  between  the 
closure  and  the  pump  turbines  required  the  assumption  that  a  modification 
of  the  oxidizer  turbine  flange  was  feasible.  Even  with  the  assumed  diminish¬ 
ing  of  the  oxidizer  turbine  flange  diameter,  available  space  precluded  the 
effective  utilization  of  a  bellows  section.  A  slip  joint  was  less  desir¬ 
able  but  could  be  made  to  fit  in  the  space  limitation.  The  7-inch  depth 
of  the  base  closure  was  determined  by  the  available  geometry.  The  config¬ 
uration  itself  contained  a  flat  predrilled  bottom  plate  and  an  upper  dmh- 
shaped  plate  of  Inconel  718.  The  internal  reinforcing  structure  consisted 
of  eight  radial  ribs  and  16  partial  radial  ribs.  The  ribs  were  connected 
by  three  circumferential  rings  at  the  bottom  and  three  circumferential  ribs 
at  the  top.  All  radial  ribs  contained  large  orifices  to  allow  the  distri¬ 
bution  of  the  internal  gases.  Plate  stress  considerations  determined  the 
rib  and  ring  spacing.  Estimated  weight  of  this  configuration  significantly 
exceeded  its  budget.  Furthermore,  there  was  difficulty  in  dispersing 
turbine  gases  because  of  the  restrictive  internal  structure. 


(U)  The  second  design  considered  was  an  oblate  spheroidal,  membrane  struc¬ 
ture  base  closure  mounted  directly  to  the  pump  turbine  flangeB  (Fig.  33). 
The  closure  thrust  would  thus  be  transmitted  directly  through  the  pumps 
into  the  thrust  structure  and  no  load  would  be  transmitted  through  the 
chamber  itself.  A  flexible  omega  joint  seals  the  connection  between  the 
bottom  of  the  chamber  and  the  base  closure. 


(U)  A  membra ine -type  closure  using  an  oblate  spheroid  configuration  was 
employed  using  a  minor-to-major  axis  ratio  consistant  with  the  space  avail¬ 
able.  After  conducting  a  trade  study  analyzing  pressure  vessel  head  shape 
vs  weight,  a  minor  axis  dimension  of  6  inches  was  chosen  as  the  minimum 
probable  head  dimension  capable  of  achieving  the  weight  budget. 


...  1  XL  .  1..U 

\  r.  vi  _  x  _  _„i - „■;  a  iti  its  Tin«i  tion  m  me  uuuuwu*  v* 

ill)  Tne  ubimo  Efutmui  hi—1.  — .  i- ,  , 

thrust  chamber  indicating  the  bottom  of  the  closure  to  extent  approximately 
5  inches  past  the  chamber  exit  plane.  This  additional  height  does  not  in¬ 
crease  the  gimbal  excursion,  and  the  light  weight  and  unimpeded  internal 
flow  advantages  exceed  the  disadvantage  of  increased  engine  height. 


,(c)  The  configuration  shown  aesumes  curved  turbine  adapter  sections  to 
allow  an  interface  compatible  with  removal  of  the  base  closure  from 
bottom.  Internal  liases  on  the  top  head  allow  removal  of  the  turbine 
bolts  internal ly .  tW~.4>aped  orifice  plates  are  utilized  to  create 
sidewards  pxopogation  of  the  gas  flow  within  the  closure  as  well  as  re¬ 
ducing  the  ?0-  aul  40-psi  turbine  pressures  to  the  30-pav  closure  inter 
pressure.  The  bottom  head  is  perforated  with  orifices  that  comprise  approxi¬ 
mately  125  in.2  of  orifice  area.  A  representative  orifice  size  and  spacing 
would  consist  of  0.257- inch-diameter  orifices  0.875  inches  apart. 
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Figure  32.  Flat  Plate  Base  Closure 
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Figure  33.  Oblate  Spheroidal  Membrane  Base  Closure 
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(c)  The  bottom  anil  top  heads  can  either  be  welded  together  or  bolted.  If 
velded,  access  platea  would  be  required  in  the  bottom  head  to  allow  removal 
of  the  turbine  flange  bolts.  A  metallic  flexure  or  boot  will  prevent  gas 
intrusion  into  the  pump  and  component  area.  The  boot  will  also  accommodate 
both  pump  and  base  closure  movements. 


(u)  The  oblate  spheroid  configuration  was  therefore  tentatively  selected 
for  the  demonstrator  module,  because  of  its  advantages  in  weight,  per¬ 
formance,  and  operability. 

(5)  Controls  Component  Design 
(a)  Main  Propellant  Valve  Design 

(u)  During  the  last  quarter,  a  design  review  was  held  to  review  the  main 
propellant  valve  configuration,  materials,  and  the  capability  of  meeting 
the  system  requirements.  Design  requirement  specifications  were  written 
for  both  of  the  aaiu  valves,  and  the  conceptual  layouts  were  completed 
based  on  a  4-inch-diameter  line. 

(ll)  The  layouts  for  the  two  valves  are  shown  in  Fig.  34  and  35  with  no 
detail  presented  for  the  facility  provided  actuator.  A  hollow  ball  is 
used  to  minimize  the  flow  forces  acting  on  the  ball,  and  the  bearings  are 
designed  to  run  wet  to  locate  them  as  close  to  the  ball  as  possible  and 
minimize  the  shaft  overhang  and  bending  loads.  Dual  Naflex  seals  are  pro¬ 
vided  for  the  exterior  seals,  and  machined  plastic  pressure-actuated  seals 
are  planned  for  the  shaft.  The  ball  seal  is  a  pressure-loaded  bellows 
seal,  with  low-pressure  sealing  provided  by  the  bellows-installed  spring 
load.  The  flow  direction  of  the  fnel  valve  is  opposite  from  that  of  the 
oxidizer  valve  to  provide  moisture  protection  for  the  primary  seal  bellows. 

(U)  Each  valve  is  oriented  so  as  to  place  the  bellows  area  downstream 
of  the  gate  from  the  moisture  source  to  prevent  moisture  from  collecting 
in  the  area  of  the  bellows  and  subsequent  seal  leakage  problems.  From 
studies  of  the  valve  locations  and  feed  system  plumbing  configurations, 
it  was  determined  that  the  most  probable  source  of  moisture  for  the  oxidi¬ 
zer  valve  was  downstream  of  the  valve  through  the  thrust  chamber  injector. 
On  the  fuel  side,  because  the  location  of  the  fuel  valve  is  below  the 
pump,  the  major  source  of  moisture  was  considered  upstream  of  the  fuel 
valve.  Furthermore,  the  fuel  valve  is  protected  from  downstream  ambient, 
moisture  sources  by  the  thrust  chamber  tube  bundle.  By  reversing  the  flow 
direction  of  the  fuel  valve,  the  bellowB  area  of  each  valve  is  thereby 
protected  from  moisture  by  the  primary  gate  seal.  However,  for  the  gate 
seal  to  function  satisfactorily  with  the  new  flow  direction,  a  minor  modi¬ 
fication  in  the  bellows  seal  design  to  change  the  relationship  of  the 
bellows  neutral  axis  and  the  seal  area  on  the  ball  was  necessary.  No  other 
design  modifications  are  required  to  provide  for  the  reversed  flow,  and 
no  significant  change  in  valve  performance  or  Bealing  characteristics  is 
anticipated . 
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(b)  Tapoff  Throttle  Valve 


uco x  gm 


evaluate  the  tapoff  throttle  valve  design  con¬ 
figuration,  materials,  and  system  requirements.  The  review  board  recom¬ 
mendations  vere  studied  and  refinements  were  made  in  the  valve  design.  A 
design  requirement  specification  was  olao  written  for  the  tapoff  throttle 


(U)  A  dee  ign  layout  was  initiated  during  this  report  period  and  the  maximum 
and  minimum  valve  flow  areas  were  established  to  meet  the  engine  operating 
limits.  The  poppet  nose  was  contoured  to  reduce  turbulence  as  the  hot  gas 
flows  around  the  poppet.  In  addition,  a  slight  taper  was  incorporated  to 
reduce  the  rate  of  change  of  area  with  stroke  as  the  poppet  approaches 
the  closed  position.  The  valve  configuration,  poppet  contour,  and  rela¬ 
tionship  of  flow  area  to  stroke  are  shown  in  Fig.  36. 

(u)  The  design  layout  was  completed  through  the  selection  of  materials 
for  the  parts  in  the  hut-gas  flow  stream.  Because  of  the  1500p  nominal 
operating  t-mperature ,  only  materials  with  good  mechanical  properties  and 
corrosion  resistance  at  elevated  temperature  are  used.  Stellite  21  was 
selected  for  the  poppet  because  of  its  high-temperature  s' rang th  and  resis¬ 
tance  to  erosion.  The  housing  is  Haotcl loyC  because  of  its  high-tempera- 
ture  strength,  ductility,  and  good  casting  properties. 

(u)  A  preliminary  heat  transfer  analysis  was  made  to  evaluate  the  trans¬ 
ient  heat  transfer  from  the  poppet,  into  the  actuator. 

(c)  Assuming  a  heat  transfer  path  through  steel,  the  temperature  at  the 
approximate  location  of  the  actuator  0-rings  (assumed  to  be  6  inches  away 
from  a  1500  F  heat  source)  is  81  F  after  300  seconds  of  engine  operation 
with  an  initial  temperature  of  70  F.  After  engine  cutoff,  this  tempera¬ 
ture  will  continue  to  rise  for  some  time  as  the  component,  tends  toward 
temperature  equilibrium.  The  heat,  transfer  analysis  did  not  include  the 
transient  effect  after  shutdown;  however,  the  calculations  made  through 
cutoff  appear  to  indicate  that  the  maximum  tolerable  temperature  of  350  F 
will  not  be  approached,  and  therefore  the  service  life  of  10  hours  should 
not  present  a  design  problem  relative  to  the  actuator  0-rings.  A  more 
complete  heat  transfer  analysis  will  be  made  during  Phase  11. 

(U)  Several  areas  related  to  the  high  temperature  of  the  hot  gas  which 
should  be  studied  further  during  Phase  II  became  apparent  during  the  design. 
The  materials  required  because  of  the  high  operating  temperature  are  dif¬ 
ficult  to  machine  by  conventional  methods  which  precludes  the  use  of 
threads.  Therefore,  the  joint  between  the  piston  rod  and  poppet  cannot 
utilize  a  threaded  fastener.  Bracing  appears  to  be  satisfactory;  however, 
some  additional  analysis  is  required  to  ensure  that  sufficient  braze  area 
is  provided. 

(U)  Because  the  valve  will  operate  with  a  high  degree  of  throttling  with 
high- tempera tm e  gas,  erosion  of  the  housing  may  be  critical.  This  area 
will  be  analyzed  thoroughly  and  if  necessary,  a  material  such  as  Stellite 
21  which  is  more  resistant  to  erosion  will  be  welded  into  the  critical 
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(ll)  Heat  transfer  from  the  valve  housing  and  poppet  into  the  actuator  may 
also  be  higher  than  desirable.  Hydraulic  fluid  circulation  can  be  provided 
in  the  facility  actuator,  insulation  can  be  used  wherever  possible,  and 
the  configuration  of  the  parts  in  the  heat  transfer  path  can  be  studied  to 
optimize  the  heat  transfer  and  heat  capacity  relationship. 


C.  Problem  Areas  and  Solutions 

(c)  In  the  last  quarterly  report,  it  was  stated  that  the  single-step  main 
oxidizer  valve  created  a  main  chamber  ignition  problem  by  virtue  of  a  tem¬ 
porary  drop  in  the  hot-gas  ignitor  temperature.  When  the  1DX  valve  was 
opened,  the  IHX  pump  discharge  pressure  dropped  below  the  fuel  pump  dis¬ 
charge  pressure,  and  this  caused  the  mixture  ratio  of  the  hot-gas  ignitor 
to  fall  off.  The  problem  was  resolved  by  returning  to  a  two-step  main 
oxidizer  valve.  This  reduces  the  effect  of  the  opening  of  the  LOX  main 
valve,  and  the  LOX  discharge  pressure  remains  above  the  fuel  discharge 
pressure  until  after  main  chamber  ignition  (Fig.  ll).  Figure  37  shows 
the  ignitor  temperature  as  a  function  of  time  for  both  the  one-step  and 
two-step  valves.  The  transient  still  exhibits  a  temperature  drop  (from 
1600  F  to  1530  F) ;  however,  the  minimum  temperature  is  now  above  the  level 
required  for  main  chamber  ignition. 

(c)  Further  analysis  of  the  main  chamber  ignition  conditions  was  made  to 
assure  that  the  thrust  chamber  propellant  mixture  ratio  was  high  enough 
to  obtain  satisfactory  ignition.  Figure  38  indicates  the  main  chamber 
mixture  ratio  during  the  start  transient.  This  curve  indicates  that  the 
mixture  ratio  rises  rapidly  to  a  value  of  1.5  after  the  oxidizer  valve  is 
moved  to  the  first  position.  (Current  test  results  indicate  that  a  value 
of  1.0  or  higher  is  desired  for  ignition.)  Ignition  is  obtained  at  thin 
point  with  gaseous  oxygen  because  the  oxidizer  system  is  not  fully  primed. 
The  back  pressure  of  combustion  then  causes  a  reduction  in  the  flow  of 
gaseous  oxygen,  and  the  main  chamber  mixture  ratio  drops  until  full  oxidi¬ 
zer  prime  is  reached.  At  this  point,  the  main  oxidizer  valve  is  moved  to 
the  second  position  and  the  system  proceeds  into  mainstage.  It  should  be 
noted  that  the  drop  in  main  chamber  mixture  ratio  does  not  occur  until 
after  ignition  is  attained,  thereby  assuring  a  high  ignition  mixture  ratio. 


d.  Planned  Effort 

(u)  During  the  next  quarter,  design  effort  will  be  directed  towards  the 
completion  of  the  final  turbopump  and  thrust  chamber  layouts. 
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2.  APPLICATION  STUDY 
a.  Status 

(C)  The  generation  of  all  parametric  installation  -weights  and  vehicle 
fairing  and/or  interstage  surface  areas  has  been  completed  for  thrust 
levels  of  250,000  and  350,000  pounds.  Parametric  installation  data  covers 
the  range  ol  diameters  from  6b. 5  inches  to  130  inches  for  the  250K  vehicles 
(vehicles  utilizing  250K- pound-thrust  modules)  and  from  80  inches  to  160 
inches  for  the  350K  vehicles. 

(u)  The  calculation  of  performance  index  values  has  been  accomplished  by 
employment  of  the  above  engine/vehicle  integration  information  which  was 
based  on  "minimum  envelope"  thrust  structure  design  rather  than  the 
previous  15-degree  cone  limit  design. 

(c)  An  individual  optimum  for  each  of  the  12  vehicle  cases  has  been  estab¬ 
lished.  In  general,  the  optimum  diameters  for  the  250K  cases  are  smaller 
than  the  optimum  diameters  for  the  350K  cases.  The  350K  modules,  however, 
optimized  at  approximately  the  same  chembei  pressures.  Of  siguificance  is 
the  fact  that  all  optimum  chamber  pressures  are  equal  to  or  less  than  2000 
psia  and  the  two  reusable  upper-stage  vehicles  (No,  5  and  No.  6)  for  both 
thrust  levels  optimized  at  chamber  pressures  of  1100  psia  or  less. 

(U)  Preparation  of  the  Application  Study  Special  Report  was  initiated. 

This  report  will  discuss  in  detail  the  pertinent  information  generated 
during  the  Applications  Study.  It  is  for  this  reason,  only  highlights 
of  the  progress  made  in  the  fourth  quarter  will  he  presented  here. 


b.  Progress  During  Report  Period 
(l)  Installation 

(c)  During  this  report  period,  parametric  installation  data  for  both 
the  250K  and  350K  cases  has  been  redefined  removing  prevalves  from  all 
vehicles  and  employing  a  minimum  envelope  installation  thrust  structure 
in  place  uf  the  previously  assumed  15-degree  maximum  truncated  outer  cone 
angle  thrust  structure  for  Cases  1,  3,  and  4  (230K  and  350K) .  In  these 
installations,  there  is  a  minimum  clearance  between  modules  (2  inches)  and 
the  mount  height  is  as  short  as  possible  consistent  with  the  maintenance 
of  propellant  feed  system  and  tank  bottom  clearance.  Layouts  of  each 
vehicle  case  were  generated  to  determine  the  minimum  mount  height  for  each 
candidate  module  diameter.  Figures  39  and  40  are  typical  layouts  which 
depict  minimum  mount  height  for  each  clearance  criterion  (i.e.,  propellant 
feed  system  clearance  and  thrust  structure/ tank  bottom  clearance)  for  an 
80-iuch  module  installation,  Case  3»  250K.  It  is  s^en  that  the  propellant 
feed  system  clearance  determines  the  minimum  mount  height  for  this  config¬ 
uration.  At  the  minimum  mount  height  of  100  inches,  the  fairing  area, 
maximum  skirt  diameter,  and  installation  weight  are  all  minimum,  thus 
defining  the  optimum  mount  height. 
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Figure  39.  Minimum  Mount  Height,  Propellant  Feed  System  Limit 
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312  DIAMETER 


Figure  40.  Minimir:  Structural  Mount 


(U)  The  revised  thrust  structure  parametric  weights  were  determined  vi  .h 
thrust  structure  angles  varied  as  necessary  to  provide  a  minimum  diameter 
mount  ring.  The  configurations  are  similar  to  the  previous  design.  Cases 

1.  3,  and  4  have  inner  cones  and  radial  beams  to  provide  lateral  support 
for  the  truncated  cone  during  gimbaling.  Figure  41  shows  a  typical  thrust 
structure  for  vehicle  Cases  1  and  3,  250K.  The  thrust  structure  in  Case 
4,  250K,  is  similar  except  for  the  number  of  radial  beams.  Vehicle  Cases 
2;  5,  and  6  did  not  employ  a  truncated  cone  thrust  structure  and  therefore 
are  not  affected  by  the  foregoing  revision.  Radial  loads  induced  by  the 
angle  of  the  thrust  structure  cone  at  the  vehicle  main  attach  frame  are 
carried  by  a  hoop  ring  integrated  with  the  thrust  structure,  thus  pre¬ 
cluding  transfering  of  radial  and  torsional  loads  into  the  vehicle.  The 
vehicle  is  subjected  to  axial  loads  only. 

(U)  The  revision  to  the  truncated  cone  thrust  structure  reflects  upon  the 
following: 

1.  Propellant  feed  system 

2.  Heat  protection  system 

3.  Fairing  area 

(ll)  The  change  in  propellant  feed  system  weights  for  the  revised  thrust 
structure  heights  is  directly  proportional  to  the  change  in  line  lengths 
resulting  from  vhe  lower  mount  heights. 

(ll)  Heat  protection  system  basic  weight  analysis  is  unchanged  by  the  re¬ 
vised  thrust  structure  design.  Only  the  area  of  the  base  heat  shield  is 
affected.  The  area  of  the  heat  shield  is  a  function  of  the  joining  diam¬ 
eter  at  the  plane  of  the  heat  shield.  Thus,  reduction  in  fairing  diameter 
achieved  through  the  revised  thrust  structure  installation  lowers  heat 
shield  weight. 

(U)  Reductions  in  fairing  and/or  interstage  areas  occur  in  the  lower  mount 
height  regions  in  those  vehicle  cases  which  employ  the  revised  minimum 
envelope  thrust  structure.  In  addition  to  determining  the  minimum  envelope 
defined  by  the  revised  thrust  structure,  all  vehicle  cases,  both  250K  and 
350K,  were  investigated  to  mox*e  clearly  define  the  minimum  envelope  attairs= 
able  considering  the  effects  of  propellant  feed  system  installations. 

Figures  42  through  53  illustrate  the  effect  of  mount  height  and  module 
diameter  on  installation  weight  and  fairing  area  for  the  350K  vehicle  cases. 
Limits  of  installation  effects  are  depicted  on  each  curve.  As  noted,  the 
propellant  feed  system  installation  effects  occur  only  with  the  smaller 
module  diameters. 

(U)  A  limited  study  of  secondary  injection  thrust  vector  control  (SITVC) 
systems  and  their  effect  on  performance  index  was  initiated  during  this 
report  period. 

(U)  A  screening  of  candidate  SITVC  systems  resulted  in  the  selection  of 
a  configuration  utilizing  propellants  tapped  off  the  turbopump  outlets 
and  combusted  at  low  mixture  ratio  as  being  most  representative  of  an 
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1.1 .  Cases  i  and  3  Thrust  Structures 
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CASE  2, 3S0K 


Figure  44.  Normalised  Installation  Weight  Figure  45.  Normalized  Interstage  Area 

Variation  With  Thrust  Structure  Variation  Wi tn  Thrust 

Height,  Case  2  Structure  Height,  Case  2 


EXPENDABLE  SINSLE  STAGE  TO  ORBIT 
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CASE  4,  350 K 

RECOVERABLE  FIRST  STAGE  (VTOHH 
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RECOVERABLE  SECOND  STAGE,  PICKABACK 
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RECOVERABLE  SECOND  STAGE ,  TANDEM 


.  Normalized  Installation  Weight  Figure  53.  Normalized  Fairing  and  Interstage 

Variation  With  Thrust  Structure  Areas  Variation  With  Thrust  Structure 

Height,  Case  6  Height,  Case  6 
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-advanoed  light-weight,  high-performance  ays  tem.  This  system  uses  lour 
low- temperature  multiple  thrust  uncooled  combustors  located  one  in  each 
of  four  quadrants  in  the  inner  body  at  the  plane  of  TVC  injection. 

Combustor  nominal  design  parameters  are: 


Chamber  Pressure,  psia 

1200 

U:  -.1 _  « ~  0.  ^  _  / * 

rUAVUIO  1H4  11U|  V/  A 

1  .1 

I  j  1 

Characteristic  Velocity,  ft/sec 

6840 

Total  Flowrate,  lb/sec 

31.6 

Total  Throat  Area,  sq  in. 

5.60 

L*,  inches 

25 

(C)  Comparison  of  this  selected  design  in  the  Case  2  installation  (poten¬ 
tially  the  vehicle  most  complementary  to  an  aerospike  module  utilizing 
SITVC)  with  a  mechanically  gimbaled  installation  resulted  in  an  engine 
weight  increase,  on  interstage  area  reduction,  a  vehicle  thruBt  structure 
weight  decrease  and  a  resulting  performance  index  loss  with  the  SITVC 
design.  Listed  below  are  the  differences  in  module  weight,  installation 
weight,  and  interstage  area  brought  about  by  using  a  SITVC  system  in  lieu 


of  mechanical  gimbaling  for  Case  2,  250K. 

Engine  Module  Weight,  pounds  +19 

TVC  System,  pounds  -173 

Injectant  and  Tank  Weight,  pounds  +1468 

Vehicle  Thrust  Structure,  pounds  -114 

Propellant  Feed  System,  pounds  -210 

Net  Weight  Differential,  pounds  +990 

Interstage  Area,  sq  ft  -68 


(2)  Perf ormance  Index  Analysis 

(C)  The  performance  index  has  been  used  as  the  resultant  figure  of  merit 
in  evaluating  engine  modules  for  use  in  the  advanced  vehicles.  The  diver¬ 
sity  of  stage  concepts  necessitates  individual  parametric  optimization  be¬ 
fore  selection  of  a  common  module.  The  optimization  of  the  individual 
eases  was  performed  in  accordance  with  the  ground  rules  and  procedures 
detailed  in  the  Application  Packages.  One  of  the  inputs,  the  engine/vehicle 
installation  weight-  data,  was  refined  during  this  report  period.  Based  on 
these  data,  performance  index  values  for  the  250K  cases  were  recalculated. 

In  the  determination  of  the  individual  optima,  only  the  nominal  mixture 
ratio  (6:1)  was  used.  Previous  study  has  indicated  that  operating  mixture 
ratio  docs  not  significantly  affect  the  optimum  operating  parameters. 
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(c)  The  normalized  performance  of  the  six  350K  vehicle  cases  are  presented 
parametrically  in  Fig.  54  thiough  65.  In  general,  the  lower-stage  vehicles 
tend  to  optimize  at  higher  chamber  pressure  and  lower  module  diameter  than 
the  upper-stage  cases.  It  is  noted  that  the. optimum  chamber  pressures,  as 
was  the  case  for  the  250K  vehicles  previously  reported  in  AntPL-TR-66-348 , 
are  s  2000  paia.  It  is  also  noted  that  the  reuaable  vehicles  optimize  at 
lower  chamber  pressures  than  the  expendable. 

(c)  The  effects  of  mixture  ratio  on  the  performance  index  of  the  six  350K 
cases  are  shown  in  Fig.  54  through  65.  The  data  presented  here  are  for 
l^OO-psia  chamber  pressure,  but  the  general  trends  are  represented  for  the 
total  range  of  chamber  pressure  of  interest.  Of  particular  importance  is 
the  fact  that  the  peak  performing  mixture  ratio  for  all  vehicles  occurs 
near  a  mixture  ratio  of  6:1. 


(U)  The  new  parametric  performance  data  for  the  250K  vehicle  cases  (with 
installation  changes  discussed  in  proceeding  section)  indicate  the  same 
basic  trends  regarding  the  optimum  chamber  pressure  and  module  diameter 
as  that  previously  reported.  Tbe  significant  difference  is  an  increase  in 
performance  index  over  that  previously  reported.  The  percent  performance 
index  increase  obtained  for  each  of  the  250K  vehicles  is: 

Vehicle  Performance  Index  Increase,  Percent 


1  1.74 

2  4.23 


3  10.27 

4  4.93 


5  2.72 

6  5.58 

(u)  The  versatility  of  an  engine  concept  can  lie  measured  l>y  iU  nuapla— 
bility  to  widely  different  stage  designs  without  suffering  significant 
performance  loss  as  compared  to  the  case  where  each  stage  employs  its 
individual  optimum  engine.  The  aerospike  engine  with  its  inherent  alti¬ 
tude  compensation  can  be  designed  to  power  all  six  vehicle  cases  with 
minimum  losses  and  no  differences  in  hardware  (one  engine  for  the  six 
250K  vehicle  cases  and  another  for  the  six  350K  vehicle  cases).  In  the 
selection,  an  average  relative  performance  index  was  defined  as  follows: 


N 

VX  ■  i  l  "i.  •  1  -  1-2-~N 
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» 

vhere  W  =  the  normalized  or  relative  performance  index,  or  the  percent 

of  optimum  performance  index  value  obtainable  within  the  ranges 
of  parameters  studied 

N  =  number  of  relative  performance  indices 

(C)  To  determine  the  common  module  for  the  six  vehicle  cases,  a  graphical 
maximization  of  was  performed.  The  resulting  best  common  module  for 
the  250K  vehicle  cases  was  determined  to  be  a  configuration  which  has  an 
operating  chamber  pressure  of  1500  psia  and  a  module  diameter  of  80  inches. 
The  operating  chamber  pressure  of  the  resulting  common  module  for  the  350X 
is  1500  psia  and  its  diameter  is  100  inches.  Th_  average  relative  perform¬ 
ance  index  of  these  common  modules  was  found  t.o  be  approximately  the  same, 
97.7  percent.  Considering  the  wide  differences  in  design  concepts  among 
the  six  stages  for  each  of  the  two  thrust  levels,  this  is  an  indication 
of  the  versatility  of  the  aerospike  engine  concept. 

(c)  Perturbation  analysis  has  been  initiated  based  on  the  recommended 
common  module  design  for  the  250K  vehicle  cases  only.  The  purpose  of  the 
analysis  is  to  evaluate  the  advantages,  if  any,  of  several  operational  and 
design  alternatives,  by  comparing  their  effect  on  the  performance  index 
values  with  the  basic  plan.  In  this  report,  only  one  of  several  investi¬ 
gations,  the  comparison  of  the  constant  chamber  pressure  design  and  con¬ 
stant  vacuum  thrust,  design  is  included.  The  constant  chamber  pressure 
design  requires  that  the  module  chamber  pressure  bf‘  held  constant  when 
the  mixture  ratio  is  varied  from  its  nominal  value  of  6.  The  constant 
thrust  design,  on  the  other  hand,  dictates  a  constant  vacuum  thrust  during 
the  mixture  ratio  excursion.  Figures  66  and  67  depict  the  effect  of  mixture 
ratio  on  performance  index  for  modules  designed  with  constant  chamber  pres¬ 
sure  and  constant  vacuum  thrust.  The  results  indicate  that  when  the  con¬ 
stant  thrust  design  is  used  (l)  optimum  mixture  ratio  shifts  slightly  to 
the  lower  mixture  ratio  end  of  the  scale,  (2)  there  is  no  noticeable  change 
in  the  values  of  the  maximum  performance  index,  and  (3)  the  optimum  operat¬ 
ing  parameters  remain  essentially  unaffected.  The  conclusion  drawn  is  that 
the  constant  chamber  pressure  control  capability  results  in  a  mixture  ratio 
optimization  more  complementary  to  vehicle  size. 


c.  Problem  Areas  and  Solutions 

(u)  No  significant  problems  were  encountered  in  the  application  study 
during  this  period. 


d.  Summary  of  Planned  Effort 

(U)  The  application  study  will  he  completed  early  in  the  next  quarter 
and  a  special  report  prepared  presenting  the  results. 
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B.  TASK  2,  FABRICATION  AND  TEST 

1.  INJECTOR  PERFORMANCE  INVESTIGATION,  2 .  yi  SOLID- 
WALL  SEGMENTS 

(c)  The  :!„5K  sepnent  injector  investigation  effort  vus  designed  to  uti¬ 
lize  the  segmentation  potential  of  the  Aerospike  thrust  chamber  for  the 
development  of  candidate  injector  patterns  for  the  25QK  injector  with  the 
experimental  objectives  of:  (l)  selecting  ai  injector  design  that 
delivers  characteristic  velocity  efficiency  in  excess  of  0.96  over  the 
operating  range,  (2)  determining  thrust  chamber  heat  transfer  character¬ 
istics,  (3)  developing  a  g  s  tapoff  system  that  yields  gases  suitable 
for  use  as  a  turbine  working  fluid,  (4)  evaluating  injector  durability, 
and  (5)  determining  injector  stability. 

a.  Status 

(u)  This  subtask  had  been  successfully  completed  in  the  last  quarter 
except  for  analysis  of  certain  tapoff  data.  A  final  tabulation  of  per¬ 
formance  results  has  been  prepared  for  this  report,  completing  all  acpects 
of  the  effort. 


b.  Progress  During  the  Report  Period 

(U)  The  objectives  of  the  test  effort  were  quite  varied  and  several  dif¬ 
ferent  techniques  were  required  to  complete  the  data  analysis.  The  hard¬ 
ware  had  heat  transfer  limitations  which  imposed  definite  restrictions  on 
the  manner  of  testing.  For  example,  these  tests  were  conducted  with  water- 
cooled  copper  hardware  which  had  a  theoietical  burnout  heat  flux  of 
55  Btu/in.  -sec.  Engineering  judgment  required  that  the  experimental  peak, 
heat  flux  should  be  minimized  to  a  value  substantially  less  than  the  theo¬ 
retical  maximum.  Consequently,  testing  at  chamber  pressures  greater  than 
900  psia  was  accomplished  by  the  use  of  gaseous  hydrogen  as  film  coolant 
in  the  converging  portion  of  the  nozzle.  Injector  performance  in  this 

a  1 X  _1 1 _ 1  ±  4-U  -e.rn-FA-in  AAflnil  1.  p;  1  m 

Liu  uo  L  uuaiuilri  Mat)  t  vuiuu  ttu  iv*  vt  o  to  t»i  vh  »»«  w  *  -  vwwxvu  uur  uuw*  v  j  x  a  am— 

cooled  hardware,  and  gas-tapoff  hardware.  In  each  of  the  aforementioned 
cases,  the  data  technique  was  developed  such  that  the  physics  of  each 
situation  vere  properly  described.  The  data  reduction,  techniques  for  the 
water-cooled  testa  arc  based  upon  conventional  methods  and  have  been  prev¬ 
iously  reported  in  Ref.  1  and  2. 

(u)  Those  tests  wherein  gaseous  hydrogen  was  used  as  a  film  coolant  were 
analyzed  by  application  of  an  energy  balance  technique,  reported  in  Ref.  3, 
and  checked  by  several  tests  which  operated  both  with  and  without  film 
coolant.  Gas— tapoff  test  data  reduction  was  accomplished  by  use  of  a 
mass-energy  balance  technique  as  given  in  Ref.  2. 

(1)  The  manner  of  presentation  of  the  results  logically  follows  the 
experimental  techniques  in  use  for  the  various  tests  and  objectives. 
Therefore,  complete  summary  performance  tables  were  prepared  with  the  te?t 
objectives  and  techniques  serving  as  guidelines. 
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c.  Problem  Areas  aid  Solutions 

(ll)  There  were  no  problem  areas  encountered  during  this  quarter. 


d.  Testing 


-i  : 

A  C  O  Vl  i 


i  ..  -fit.  ~  1  n»4. 

nun  h/u^j  c  ncu.  r  n  tut;  luo  t 
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performed  and  associated  with  this  task  along  with  injector  line  design 
description  is  given  ir  Appendix  B.  This  listing  provides  a  complete 
compilation  of  the  testing  effort  with  basic  thrust  chamber  operational 
parameters o  A  tabulation  of  performance  results  for  water-cooled  chamber 


tests,  film-cooled  tests,  and  gas-tapofi  ‘  ats  is  presented  in  this  section. 


These  results  wwrc  initially  presented  and  analyzed  in  earlier  quarterly 
reports.  A  sumnarv  of  performance  during  high  chamber  pressure  operation 
is  shown  in  Fig.  58 


(U)  Tabic  3  provides  a  listing  wherein  only  water  cooling  was  utilised. 

Perf omance  ana  heat  transfer  results  are  given. 

(u)  Table  4  is  a  listing  of  test  results  for  those  tests  where  gaseous 
hydrogen  film  coolant  was  employed.  Also  indicated  are  several  key  teste 
performed  to  check  the  analytical  techniques,  wherein  the  film  coolant 
was  shut  off  during  the  tests  to  provide  characteristic  velocity  c*  data 
with  and  without  film  cooling.  As  seen,  the  analytical  technique  was 
quite  accurate.  Also  of  interest  is  the  fact  that  the  ADP  combustor  con¬ 
figuration  always  incurred  a  substantial  performance  reduction  with  the 
injection  of  film  cooling. 

(c)  Table  3  «<»»«». fires  the  results  from  the  gas-fcapoff  testing.  As 
reported  in  Ref.  2,  the  xina'  ei A iciuncit-'S  shown  have  been  determined 
by  fully  accounting  for  gas- top  of  f  flowrates  and  resultant  combustion 
mixture  ratio  shifts.  It  is  seen  that  thrust  chamber  operation  covered 
the  range  of  chcwbei  pressures  from  274  to  1.381  .psia  and  mixture  ratios 
from  3»3T  to  9.71  with  the  bulk  of  the  tests  at  mixture  ratios  raxxgxng 
from  4.0  to  7  0^  Eight  injectors  with  a  total  of  26  modifications  were 
heated  in  the  ADP  effort.  These  modifications  were  made  to  optimise  injector 

liprti  fro  -\n.\  n?’nv5  rtr  K-ir*o  fne  won  ‘ v* 

....  f>  - ^  X  •  .  . 


e.  Summary  of  Pla.-xned  Effort 

(2)  There  i,c  no  further  planned  effort  on  this  nubtask. 
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CHARACTERISTIC  VELOCITY  EFFICIENCY 


HI  I 
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ENTIAL 


MIXTURE  RATIO 


Figure  68.  Characteristic  Velocity  Efficiency  Over  the  Mixture 
IlaLio  Ilange  for  Chamber  Pressures  From  900  to 
1505  psia 
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SUMMARY  OF  2.5K  KAI14R-CCCLED  THRUST  CHAMBER  PERFORMANCE  TESTS 
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2.  THRUST  CHAMBER  COOLING  INVESTIGATIONS, 

2.5K  TUBE-WALL  SEGMENTS 

(u)  The  thrust  chamber  cooliuj  investigations  vere  designed  to  provide 
data  on  the  regenerative  cooling  limits  of  the  Aerospike  chamber,  fatigue 
life  capability,  and  operating  point  for  cyclic  life  of  100  reuses  and 
10  hours  between  overhauls,  and  a  selection  of  tube  material  to  meet  the 
operating  requirements.  The  2.jK  tube-wall  segments  vere  designed  to 
provide  cooling  data,  and  other  pertinent  data  were  provided  through  com¬ 
bined  analytical  and  laboratory  techniques. 


a .  Status 

(c)  The  ADP  test  effort  on  the  copper  tube-wall  segment  encompassed  seven 
successful  hot  firing  tests  over  the  pressure  rauge  of  5**0  to  1500  psia, 
terminating  with  a  regenerative ly  cooled  1500-psia  demonstration. 

(U)  Laboratory  metallurgical  work  has  been  fully  completed  and  reported 
in  the  earlier  progress  reports.  Pertinent  tube  tester  effort  was  con¬ 
tinued  and  is  reported  herein.  The  subtask  is  now  completed,  except  for 
continued  analysis  of  related  d  ta. 


b.  Progress  During  the  Report  Period 

(c)  During  this  report  period,  all  experimental  testing  and  data  analysis 
on  this  subtask  was  completed.  The  copper  turbular  segment  test  series 
was  successfully  accomplished  with  mainstage  operation  over  the  nominal 
chamber  pressure  range  of  5^0  to  1500  psia.  All  the  heat  transfer  data 
were  reduced  and  found  to  compare  favorably  with  previously  obtained  2.5K 
copper  solid-wall  hardware.  Additional  tube  tester  data  and  analysis 
strongly  supported  the  selection  of  nickel  200  as  the  candidate  material 
for  design  requirements  of  300  restarts. 


c.  Testing 

(l)  2.5K  Tube-Wall  Segments 

(C)  Seven  hot  tests  were  conducted  on  the  2.5K  copper  tube-wall  segment 
od  the  ADP  rest  effort.  The  test  series  consisted  of  six  mainstage  testB 
between  5^0-  and  1500-psig  chamber  pressure,  plus  an  ignition  checkout  test. 
Inspection  of  the  hardware  after  the  test  series  revealed  the  copper  tubes 
were  in  good  condition.  The  performance  was  typical  of  that  obtained  on 
the  solid-wall  segment  performance  evaluation  and  is  shown  in  Table  6  and  7. 

(V)  A  summary  of  the  test  results  is  presented  in  Table  8  .  These  data 
vere  reviewed  to  define  the  heat  transfer  distribution  of  the  tube-wall 
srgnent.  The  overall  heat  transfer  characteristics  (end  point  data)  were 
well-behaved  and  showed  that  the  heat  transfer  was  of  an  expected  turbu¬ 
lent  nature  (Pig.  69)  throughout  the  chamber  pressure  range.  Unfortu¬ 
nately,  the  local  coolant  bulk  temperature  measurements  were  not  within 
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2.5K  COPPER  TUBE-WALL  SEGMENT  PERFORMANCE  MTA 


Teat 

No. 

Chanber 
Pressure , 
P»if? 

Mixture 
Ratio , 
o/f 

X 

S 

*7C* 

Coolant 

Mixture 

Ratio* 

Tube 

Condition 

030 

Ignition  only 

Excellent 

031 

540 

4.70 

1.87 

0.39S 

0.953 

3-00 

Excellent 

032 

880 

5.06 

3.02 

0.596 

0.987 

3-25 

Excellent 

033 

600 

4.80 

1.95 

0.408 

1.025 

2.00 

Excel  lent 

034 

985 

5-20 

3.50 

0.673 

0.960 

3-07 

Excellent 

035 

1300 

5-00 

4.4? 

0.895 

0.974 

4.03 

Excellent 

036 

1500 

5.10 

5.20 

1.02 

0.970 

5.04 

Excellent 

♦Contoured  tube  MR  =  v.„  /w„„  coolant  per  tube  bundle 

COo  OH,, 
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the  requir'd  accuracy  to  uhhcss  the  heiil.  transfer  distribution.  There¬ 
fore,  Uie  Holid-vull  water-cooled  dutu  (V  .)  employing  the  name  injector 
verc  reviewed.  The  ^-!T|0C(Ij  B°1  id-wu  11  "segment  teats  (lief.  '■')  are  com¬ 
pared  with  tube-will  1  .  in  69  .  As  noted  in  Fig.  69,  a  difference 

ol  approximate ly  11  percent  between  solid-wall  and  tube-wall  duta  exists 
whicli  is  attributable  to  the  difference  in  local  gas-side  wall  eperuting 
temperatures.  Using  the  established  heut  transfer  distribution  of  the 
solid-wall  segment,  the  local  heut  transfer  distribution  of  tbe  copp* r 
tube-wall  chamber  was  determined  und  is  shown  in  Fig.  70 .  The  associated 
gas-side  tube-will  temperature  profile,  utilizing  u  maximum  coolant  curva¬ 
ture  enhancement  of  1.5,  in  ulso  presented  in  Fig.  70  Tile  data  show  that 
regencruti\e  cooling  capability  was  definitely  determined. 


(2)  Tube  Tester 

(c)  The  electr  ieally  heated,  hydrogen-cooled,  thermal  fatigue  tube  tester 
lias  been  used  to  evaluate  lorn  0.012-incli  wall  tubular  specimens.  The 
first  two  samples  wen-  cycled  at  a  planned  14  on  F  wall  temperature  with 
penetrating  crack  failures  occurring  on  both  samples  at  142  cycles.  The 
fuilure  mode  was  of  multiuxial  intergranulur  separations,  resulting  in 
coolant  leaks  where  these  separations  penetrated  the  wall,  both  of  these 
specimens  were  of  large  grained  material  (1830  F  braze  temperature). 

(c)  Subsequent  mctullogruphic  examination  revealed  no  grain  boundary  con¬ 
tamination  of  the  tube  material.  The  overall  failure  mode  was  not  of  pure 
transverse  crack  nature;  however,  it  is  apparently  still  of  a  general 
fatigue  nature  which  may  be  typical  of  hi gh- temperature ,  low-cycle  fatigue, 
where  temperatures  arc-  well  into  the  creep  range  of  the  material.  The 
posttest  metallurgical  examination  showed  the  presence  of  remelted  braze 
alloy  on  the  crown.  These  observati ons  led  to  a  suspicion  that  the  actual 
peak  tube-wall  temperatures  during  the  test  were  about  170U  to  1800  F. 
Fast-response  microminiature  thermocouples  were  obtained  and  installed 
on  the  next  test  series  adjacent  to  the  standard  size  thermocouples,  lying 
parallel  to  the  tube  crown.  In  this  manner,  mine  surface  contact  area 
between  the  thermocouple  and  heated  crown  was  obtained  and  the  tube  crown 
temperature  vas  more  accurately  controlled. 


(C)  During  the  current  report  period,  two  specimens  were  tested;  These 
specimens  were  designed  to  evaluate  the  effects  of  processing  (i.e., 
eiilaigcd  grain  ai-e )  cu  the  fatigue  life.  One  sample  was  purposely  process 
annealed  at  1800  F  while  the  other  was  taken  in  the  "as  received"  small 
grain  condition.  Both  samples  were  hand  brazed  in  the  test  fixture  at  a 
nominal  1200  to  1400  F  temperature. 


(C)  At  the  start  of  the  test,  large  differences  in  the  recorded  tempera¬ 
tures  from  the  microminiature  and  standard  size  thermocouples  were  noted. 

The  peak  cyclic  wall  temperatures  for  the  tests  were  therefore  established 
using  the  indicated  higher  values  (200  to  400  F  higher)  by  the  microminia¬ 
tures.  The  cyclic  wall  temperatures  were  then  programmed  for  100  to  1400  F. 
Testing  continued  to  270  cycles  for  both  specimens,  with  no  tube  failure. 
The  test  specimens  were  removed  for  inspection,  which  revealed  that  multi- 
axial  microcracks  were  initiated,  but  none  had  penetrated  the  hot  wall  of 
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’.In-  tube  (Fill.  71  ).  lhe  ti j. icln" J'  temperature-processed  specimen,  however, 
had  devr  J  oped  two  mi crocracks  in  u  colder  portion  ol  tin;  tube  adjacent  to 
some  large  blaze  fillets.  These  cracks  seem  to  bo  associated  villi  the 
largo  braze  fillets  in  some  vuy ,  Metal  1  ographi c  examination  revealed  that 
those  clacks  are  both  oT  the  truimgrunulur  and  iut<‘rgi  unular  type. 

(c)  Subsequently ,  the  small-grained  specimen  vliich  had  experienced  27 0 
thermal  cycle;1,  vac  reinstalled  in  the  test  apparatus  anil  cycled  to  com¬ 
plete  rupture.  A  total  of  31  !5  cycles  vue  accumulated  on  this  specimen. 

The  large-grained  specimen  huu  had  the  cracked  tube  crovn  removed  and 
patches  in 'lulled.  A  total  of  320  cycles  was  accumulated  oil  this  specimen 
when  failure  occurred  in  the  patch  area. 

(l;)  Metal i ographic  examination  of  the  removed  tube  crovns,  and  also  of 
the  small-grained  specimen, is  in  progress.  The  results  of  the  tests  to 
date  are  summarized  in  Tabic  9  .  These  results  give  strong  support  to 
the  choice  of  nickel  200  to  meet  the  ADP  cyclic-life  requirements.  The 
unexpected  nultiaxial  failure  mode  is  under  investigation. 


TABLE  9 

SPECIMEN  1 1.ST  SUMMARY 


Specimen 
Descript i on 

Cyclic  Wall 
Temperature,  P 

Coolant 

Heat  I'^ux 
Btu/i n.^-sec 

Cycles 

to 

Failure 

Type  ol 
Failure 

lEurge  brained 

1  /vu  i.o  IEGC 
(estimated) 

30 

142 

Intergruuulur 

separation 

Large  Grained 

1700  to  1800 
(estimated) 

30 

142 

Intergranular 

separation 

Small  Grained 

1700  1 

30 

315 

Under 

investigation 

Large  brained 

1700  F 

30 

320 

— 

Under 

investi gat ion 
.  _ _ _ _ 

(ij)  Although  ft*- : i n«r  is  complete  on  this  program,  future  plans  for 
related  programs  in  Kocketdyne  call  for  the  testing  of  four  additional 
specimens  with  higher  wall-temperature  gradients.  Two  of  those  tests  will 
expilore  the  effects  of  hydraulic  stress  on  the  fatigue  life,  while  the 
remaining  two  tests  will  be  used  to  obtain  an  indication  of  the  effects 
of  steady-state  thermal  cycling,  in  an  effort  to  duplicate  the  11-1  type 
failures  of  pure  transverse  cracking. 
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(I .  I’r f> Ij  1  *-ir  Aj  cum  and  Solutions 

O')  There  v.orc  no  problem  ureas  in  t  his  suhtusk  during  this  repor  tiug 
nr  11  ml , 

c .  Summary  of  l’lunned  El' fort 


00  Til  is  report  eflort  concludes  this  sulilush  with  the  exception  ol 
analysis  ol  reluted  dutu. 


1 


llilUST  ('HAMHHl  Ml/./  IJ.  lMJlO.NSThA  1  1  ON ,  J'rflK 


(l  )  lall-sis!?,  2  3  Oh  thrust  tbaalci'11  uupl  i  cal  >  nr  i  he  combustion  and  noz/ic 
expansion  frutuics  ill  the  demonstrator  module  thriiHt  cltumlier  me  being  used 
to  demons  tin  te  the  perl  umaiice  capability  of  the  Aerospike  thrust  chamber. 
One  solid-wall  25UK.  chamber  is  being  fabricated  lor  the  following  purposes: 

1.  Verily  injector  integrity  and  comp.il j hi  1 i ty  before  exposing  the 
tube— vail  chamber 

1.!.  Evaluate  hyporgolic  and  hot-gu»  ignition 

3.  Kate  the  injector-combustor  stability  by  pulse  giui  us  well  us 
operational  out 

4.  Provide  u  preliminary  mount?  cl  evaluating  combustor  and  nozzle 
performance 

3.  Evaluate  tapol'f  guses  und  demonstrate  feasibility  of  tnpol'f 
source  of  turbine  power  on  the  Aerospihe  chamber 

(V)  In  addition,  the  inherent  ruggeduess  of  this  type  of  hardware  will 
make  it  u  valuable  tool  during  test  facility  shakedown  periods. 

(U)  IV o  2  3  OK  tu  bo-wall  chambers  are  being  fabricuteu  to  provide  lonj- 
durution  capability  for  performance  measurements.  These  chambers  will  be 
operated  with  varying  degrees  of  base  bleed  at  site  conditions  and  in  a 
diffuser  for  simulating  altitude  conditions.  Injector  unu  combustor 
features  simulate  those  presently  being  designed  into  the  demon  'rator 
module  chamber. 


a.  Status 

(l!)  During  the  past  quarter,  the  first  injector  and  all  components  for 
the  solid-wall  assembly  were  completed.  The  250K  solid-wall  thrust  cham¬ 
ber  was  assembled  and  delivered  to  the  test  site.  Installation  of  the 
hardware  to  the  test  stand  was  completed  and  preparations  for  pretest 
blowdowns  and  the  test  series  are  currently  under  way. 

(U)  The  tube-wall  assemblies,  including  the  t.ubulur  inner  and  outer 
bodies,  the  base  closure,  and  supporting  ducting,  are  all  progressing 
satisfactorily.  The  inner  and  outer  combustors  for  the  first  tube-wall 
assembly  have  noth  successfully  completed  their  first  blaze  cycle.  The 
second  set  ol  combustor  bodies  has  completed  prebraze  machining  operations 
and  is  currently  being  prepared  for  the  first  braze  cycle.  The  second 
injector  unit  is  approximately  60  percent  complete  and  is  in  its  fiuul 
fabrication  steps  prior  to  the  braze  cycle. 
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1).  Progress  During  Report  Period 
(l  )  Solid-Wall  Thrust  Chamber 

(u)  The  solid-vall  thrust  chamber  utilizes  a  vuter  film-cooled  inner  and 
outer  body.  This  chamber  assembly  which  is  designed  primarily  for  check¬ 
out  and  stability  rating  of  the  injector  in  capable  of  short-duration  fir¬ 
ings.  During  this  report  peiiod,  the  fabrication  of  all  the  components 
for  the  solid-vall  assembly  was  completed.  The  chamber  was  assembled 
(l’ig.  7-)  and  shipped  to  the  test  site. 

(c)  The  solid-wall  test  planning  has  been  completed.  The  goals  of  the 
solid-wall  chamber  phase  of  the  250K  Aerospikc  program  arc: 

1.  Operation  from  20  to  100  percent,  f  luted  chamber  pressure 

2.  Mixture  ratio  operation  from  5*9  to  7‘h  (o/f) 

3-  Hot-gas  tapoff  demonstration 

4.  Combustion  stability  evaluation  with  pulse  gun  technique 

5.  Hot-gus  ignition 

It  is  anticipated  that  these  objectives  can  be  attained  with  11  satisfac¬ 
tory  mainstage  tests.  Prior  to  these  tests,  a  series  of  blowdowns  will 
be  conducted  to  verify  operation  of  all  propellant  systems. 

(u)  The  fit  between  all  mating  components  during  the  assembly  of  the  solid- 
vall  thrust  chamber  was  excellent.  Of  particular  interest  was  the  mate  lung 
of  the  shear  lips  on  the  inner  and  outer  bodies  wo  the  injector  unit.  The 
matching  of  these  components  demonstrated  the  ability  to  maintain  critical 
fabrication  tolerances  at  large  diameters.  Potential  leakage  of  the  four 
injector-to-thrust-chamber  seals  was  checked.  In  each  case,  the  seals 
performed  considerably  better  than  nominally  required.  The  leakage  rates 
for  the  two  rubber  0-rings  (these  are  replaced  by  Naflex  seals  on  the  rube 
wall  assembly)  was  found  to  be  0  and  1.2  scim,  and  no  detectable  pressure 
loss  in  a  1-minute  period  was  observed  for  the  two  metal  0-ring  seals. 

(U)  The  assembly  of  the  solid-wall  chamber  was  conducted  on  u  combustion 
assembly- shipping  fixture  placed  on  the  back  of  a  transport  trailer.  This 
fixture  was  designed  to  permit  chamber  disassembly  and  assembly  at  the  site. 
Transportation  or  the  chamber  to  the  site  was  accomplished,  and  a  mobile 
crane  was  used  to  transfer  the  thrust  chamber  from  the  shipping  pallet  to 
the  test  stand  (Fig.  73). 


(2)  Injectors 

(U)  Injector  unit  No.  1  nas  been  completed  and  installed  into  the  solid- 
vall  thrust  chamber.  During  this  quarter,  the  injector  progressed  through 
the  brazing  operation;  the  unit  was  then  leak  checked  with  the  aid  of  an 
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epoxy-resin  compound,  final  muehining  was  completed,  and  calibration  and 
cleaning  operations  were  accomplished. 

(U)  Subsequent  to  the  initial  braze  cycle,  the  appearance  of  the  braze 
wus  excellent;  however',  leukuge  was  observed  in  several  locations.  The 
injector  was  realloyed  and  brazed  for  a  second  cycle  (Fig.  74).  Subse¬ 
quent  to  this  braze  operation,  the  unit  was  leak  checked.  The  leak  check 
is  accomplished  by  using  an  epoxy-resin  compound  which  plugs  the  injector 
ox i ficus.  Use  of  this  simple  technique  has  allowed  potential  sources  of 
leakage  to  be  accurately  located.  Subsequent  to  the  final  braze  opez-ationB, 
a  40-psig  helium  leak  check  of  the  oxidizer,  fuel,  and  baffle  braze  joints 
indicated  zero  leukage.  The  oxidizer  strips  were  also  hydrostatically 
tested  at  63O  psig.  No  leaks  were  noted. 

0-0  Final  machining  of  the  injector  shear  lips  was  accomplished  by  match 
machining  the  ohear  lip  to  dimensions  taken  from  the  inner  and  outer  solid- 
wall  combustors.  Subsequent  stacking  of  these  units  revealed  an  excellent 
fit. 

(U)  The  injector  fuel  and  oxidizer  flow  circuits  were  each  calibrated 
with  the  injector  in  a  face-down  position.  The  oxidizer  system  was  water 
calibrated  over  a  flowrate  range  of  1000  to  1900  gpm.  The  fuel  system 
was  calibrated  over  a  flowrate  range  of  1100  to  2400  gpm.  These  flow 
calibrations  showed  excellent  stream  impingement  and  good  correlation  with 
analytically  predicted  pressure  drop  values. 

(u)  Injector  unit  No.  2  (Fig.  75  )  has  completed  all  rough  machining  and 
welding  operations.  Veld  cracks  in  the  propellant  closeout  manifolds  have 
been  detectexl  aud  are  currently  being  repaired.  Subsequent  to  this  repair 
and  the  completion  of  proof-pressure  tests,  the  broaching  of  baffle  and 
strip  grooves  and  EDM  machining  of  the  fuel  and  oxidizer  passages  will 
commence.  All  baffles  and  all  injector  strip  fabrication  for  this  unit 
are  currently  complete;  flow  calibration  and  plating  of  50  percent  of  the 
strips  are  the  only  remaining  operations. 

(l)  Tube  Vail  Chambers 
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duration  capability  for  performance  measurements.  The  major  components 
for  the  tube-wall  thrust  chamber  are  the  inner  and  outer  bodies.  For  the 
first  chamber,  the  inner  and  outer  bodies  have  completed  the  first  braze 
cycle  with  good  results  and  are  now  being  prepared  for  the  second  braze 
cycle  (Fig.  76  und  77  )•  The  second  inner  (Fig.  73  )  and  outer  bodies 
have  been  machined,  nickel  plated,  and  are  being  alloyed  preparatory  to 
tube  stacking  aud  furnace  brazing.  All  tubes  for  the  second  combustor 
chamber  have  been  completed  and  are  ready  for  stacking. 

(u)  All  supporting  components  for  the  tube-wall  assembly  are  progressing 
satisfactorily.  Welding  of  the  perforated  base  plate  is  complete,  and 
final  machining  of  the  assembly  is  currently  85  percent  complete  (closure 
instead  of  plate).  Voiding  of  the  fuel  inlet  duct  was  completed  and  the 
component  is  presently  being  X-rayed.  Fabrication  of  the  fuel  ducts  for 


122 


CONFIDENTIAL 


In jecto 


Figure  75.  Injecto 


CONFIDENTIAL 


CONFIDENTIAL 


''®ii 


gure  ~S.  No. 


lit'-  tube-wall  chamber  is  iu  progress.  The  gas  generator  is  in  finul 
machining  and  90  percent  complete.  Other  components,  such  os  the  uncooled 
nozzle  extensions,  ore  complete  (Fig.  79). 

(’])  Hydrogen  lleut  Trunsfer  Coolant  Enhancement  Evaluation 

(ij)  A  total  of  j  2  electrically  heated  tests  were  iim  on  one  inner  and 
one  outer  body  tube  to  develop  complete  curvature  enlimiieniciit  data.  Hot.li 
tubes  vert*  of  3,J7  stainless  steel  and  both  had  been  final  formed  and  con¬ 
toured  to  the  250K  experimental  tube  dimensions.  The  tubes  were  instri- 
mented  with  thermocouples  on  both  the  gas  side  and  the  opposite  side  of 
the  tube.  Voltuge  taps  were  plucod  ut  appropriate  locations  to  determine 
the  power  generation  within  different  sections  of  the  tube.  The  hydrogen 
vaa  heated  to  about.  150  H  and  flowed  through  the  tubes  in  the  same  direc¬ 
tion  as  in  the  250K  tube-wall  chambers.  Hydrogen  inlet  pressures  ranged 
between  1909  and  2000  paid.  This  corresponded  to  flowrates  of  0.015  to 
0.021  lb/sec  lor  the  outer  tube  undo0.018  to  0.02;i  lb/sec  for  the  iimer 
tube.  Heat  fluxes  up  to  31  Btu/in.^-sec  were  generated  in  each  tube  with 
peak  heut  fluxes  being  near  actual  engine  operating  throut  locations. 
Results  of  the  tests  ure  shown  in  Fig. 80  and  81  lor  the  inner  and  outer 
tube,  respectively.  The  measurement  reference  stations  are  shown  in  Fig. 

82  and  83  •  The  reference  equation  is  the  McCarthy-Kolf  correlation. 

(U)  Because  of  a  number  of  effects  including  roughness,  entrance,  and 
contraction  (acceleration)  effects,  the  experimental  film  coefficients 
arc  higher  than  that  predicted  by  the  McCarthy-Wolf  equation.  Station  8 
(Fig.  80y  has  a  very  high  enhancement,  probably  due,  in  part,  to  the 
low  driving  potential  between  the  wall  and  coolant  temperature  (60  to  90  F 
for  this  region)  compared  to  a  driving  potential  of  300  to  800  F  in  the 
throat  and  upstream  portions  of  this  tube. 

(u)  Results  of  the  tests  show  that  a  considerable  entrance  effect  exists 
in  both  tubes.  Also  un  appreciable  increase  in  heat  transfer  coefficient 
occurs  in  the  curved  sections  of  the  tube  (curvature  enhancement),  in  par¬ 
ticular  in  the  throat  and  at  the  start  of  the  chamber  convergent  section. 

In  conclusion,  the  tests  indicate  that  the  curvature  enhancements  used  to 
dale  on  ARP  experimental  tube  designs  are  conservative  (l.5  on  the  inner 
mid  1.2  (l.3  with  slight  •  stream  shift  of  contour)  011  the  outer).  The 
data  are  also  useful  for  optimal  design  of  the  demonstrator  module  inner 
and  outer  body  throat  curvature  locations. 

(5)  Oxidizer  Manifold  Starting  Cxiteria 

(l’)  Experimental  investigations  of  the  thermal  and  hydraulic  character¬ 
istics  of  the  experimental  oxidizer  manifold  configuration  have  shown 
that  flow  above  a  minimal  value  are  necessary  during  manifold  priming 
for  satisfactory  operational  characteristics .  It  should  be  noted,  however, 
this  minimum  flowrate  is  a  function  of  the  manifold  temperature,  as  well 
as  its  masH.  For  the  250X  experimental  engine,  the  minimum  flowrate  during 
the  priming  of  u  waim  (ambient)  manifold  is  approximately  115  lb/sec  of 
oxidizer.  These  investigations  have  also  shown  that  for  flowratjs  greater 
than  this  value,  flow  overshoots  (of  the  order  of  50  percent  above  the 
steady-state  value)  are  possible  on  a  pressure-fed  test  stand.  The 
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Figure  81.  Heat  Transfer  Results  for  Outer-Body  Coolant  Tube;  Ratio  of  Flame-Side 
Surface  to  Predicted  Straight  Tube  Heat  Transfer  Coefficients 
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operational  teat  plana  for  the  experimental  testing  of  the  250K  chumber 
therefore  include  the  use  of  cavitating  venturii  to  restrict  the  possi¬ 
bility  of  mixture  rutio  and  chamber  pressure  overshoots.  Because  these 
devices  provide  an  extremely  rapid  acceleration  of  the  flow  up  to  the 
steady-state  value,  the  average  velocity  during  the  manifold  priming  phase 
will  be  essentially  the  sume  as  the  steady-state  value. 


(6)  250K  Solid-Wall  Performance  Analysis 

(u)  The  250K  solid-wall  thrust  chamber  is  water  film  cooled.  Although 
performance  data  are  not  a  requirement  of  this  test  series,  such  data 
may  be  useful  and  an  analytical  procedure  is  being  formulated  to  evaluate 
the  effect  of  film  coolant  on  thrust  chamber  performance  parameters. 

(ll)  Two  theoretical  models  which  represent  upper  and  lower  limits  to 
thrust  chamber  performance  with  film  coolant  were  selected  for  study.  In 
one  model,  the  water  film  coolant  was  assumed  to  remain  in  the  liquid 
phase  throughout  the  nozzle  flow  process.  The  film  coolant  was  assumed 
to  he  heated  to  a  temperature  that  is  intermediate  between  the  boiling 
temperature  at  a  pressure  equal  to  chamber  pressure  and  a  pressure  equal 
to  nozzle  throat  pressure.  Also,  kinetic  equilibrium  was  assumed  to  exist 
everywhere  in  the  flow  field.  In  the  other  model,  the  water  film  coolant 
achieves  instantaneous  thermal  and  kinetic  equilibrium  with  the  combustion 
products . 

(U)  Calculations  of  the  effect  on  performance  of  frictional  drag,  nozzle 
discharge  coefficient,  and  nozzle  divergence  are  in  process.  These  calcu¬ 
lations  will  yield  the  values  of  the  influence  coefficients,  for  the  afore¬ 
mentioned  physical  effects,  that  are  appropriate  to  the  25QK  hardware 
configuration. 


(7)  Base  Bleed  for  2‘30K  Testing 

(C)  During  the  experimental  evaluations  of  the  250K  tube-wall  thrust  cham¬ 
ber,  gaseous  hydrogen  will  he  utilized  as  the  base  bleed  gas  for  some  of 
the  secondary  flow  teste.  The  principle  of  gas  substitution  is  based  on 
the  ability  to  predict  the  gaseous  hydrogen  flowrate  required  to  obtain 
the  same  base  pressure  as  that  which  would  be  obtained  with  turbine  gas 
bleed.  The  dependence  of  realized  values  of  base  pressure  on  both  the 
secondary  and  primary  gas  properties  has  been  well  established  in  experi¬ 
mental  investigations  (lief.  4  and  5)«  Analytical  techniques  have  been 
developed  which  permit  comparison  of  isocnergetic  (like  primary  and 
secondary  gases)  and  nonisoenergetic  (unlike  primary  and  secondary  gases) 
base  pressure  measurements.  These  techniques  are  based  on  the  theoretical 
and  experim  ntal  observations  that  choking  of  the  secondary  gases  is  ob¬ 
tained  for  large  bleed  rates.  (A  large  bleed  rate  for  the  250K  experi¬ 
mental  thrust  chamber  will  be  obtained  with  secondary  flows  greater  than 
0.5  percent  of  the  primary  flow.) 


134 

CONFIDENTIAL 


(U)  Any  of  the  nonreactive- type  gases,  such  aa  hydrogen,  helium,  or  nitro¬ 
gen  would  be  satisfactory  as  a  substitute  for  the  turbine  gaseo;  however, 
hydrogen  has  been  selected  because  the  c*  of  ambient  hydrogen  closely 
approximates  the  expected  c*  of  turbine  exhaust  gases.  Typical  results 
for  the  testing  of  a  hydrogen  peroxide  Acrospikc  (Ref.  5)  obtained  with 
the  c*  parameter  are  shown  in  Fig.  84  and  85.  Secondary  gas  properties 
employed  in  the  testing  arc  given  in  Table  10 .  Figure  86  shows  the  meas¬ 
ured  base  pressure  vs  the  nominal  secondary  flow  ratio,  and  Fig.  84  shows 
the  base  pressure.  The  theoretical  basis  for  gas  substitution  predicta¬ 
bility  is  given  in  Appendix  A. 


c.  Problems  and  Solutions 

(ll)  The  solid  -wall  thrust  chamber  utilizes  a  water-film-cooled  inner  and 
outer  body.  The  design  of  these  bodies  also  incoiporated  a  welded  copper 
throat  section  to  supplement  the  filn  cooling  in  the  throat  region.  The 
construction  of  this  welded  copper  throat  section  was  completed  success¬ 
fully  for  the  outer  body.  Extremely  good  conductivity  was  achieved. 
Welding  of  ‘•.he  inner  body  proceeded  in  a  similar  fashion  and  good  conduc¬ 
tivity  was  achieved.  However,  porosity  and  weld  cracks  were  prevalent 
in  the  throat  region.  This  condition  was  operationally  unsatisfactory. 
Attempts  at  repairing  the  veld  and  replacing  the  cracked  area  with  a 
copper  rir~  were  unsuccessful.  The  throat  profile  is  now  achieved  by  a 
nickel  weld  buildup.  The  duration  of  the  combustor  will  still  be  governed 
by  the  uncoolcd  stainless  steel  in  the  combustion  chamber;  however,  the 
use  of  nickel  in  the  throat  will  not  allow  operation  with  the  film 
coolant  off. 

(U)  Inspection  subsequent  to  the  thrust  mount  post-weld  stress  relief 
and  heat  treat  revealed  cracks  in  the  parent  material  of  three  4340 
forgings  used  to  connect  the  mount  to  the  inner  body.  Aiditional  cracks 
were  also  evident  in  the  area  of  the  calibration  lugs  on  the  center 
forging  attaching  to  the  gimbal  block.  Repair  was  made  by  removing  the 
cracked  end  forgings  and  fabricating  identical  fittings  of  4130  plate 
stock  heat  treated  to  the  required  stress  level. 

(u)  To  verify  the  structural  integrity  of  the  thrust  mount  after  these 
operations,  a  proof  load  test  was  conducted  using  430,000  pounds  applied 
axially  and  cycled  five  times.  Inspection  between  cycles  and  after  test¬ 
ing  revealed  n<  propagation  of  the  few  remaining  surface  cracks  and  ade¬ 
quacy  of  the  structure  under  the  applied  load. 


d.  Testing 

(u)  Buildup  of  the  Nevada  Field  laboratory  test  facility  (described  in 
Ref.  3)  in  preparation  for  installation  of  the  250K  Aerospike  thrust 
chamber  was  completed  during  this  report  period.  The  solid-wall  thrust 
chamber  has  been  installed  in  the  te3t  stand,  and  all  propellant  lines 
connected.  The  test  facility  is  in  a  state  of  readiness  to  initiate  pro¬ 
pellant  blowdowns.  Instrumentation  and  wiring  hookup  in  preparation  for 
water  and  fuel  blowdowns  has  been  completed.  Instrumentation  for  oxidizer 
and  hot-gas  igniter  blowdowns  is  in  work. 
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Figure  83.  Base  Pressure  vs  Normal 
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Pressure  Ratio  vs  Normalized  Secondary  Flaw  Ratio 


(U)  Data  acquisition  nt  the  Nevada  test  site  will  utilise  the  Autrodata 
system.  This  data  acquisition  system  includes  an  on-line  computer  system 
which  may  be  used  for  test  control.  The  Astrodatn  system  has  been  checked 
out,  and  the  computer  programs  that  control  the  system  and  unj»acking 
routines  have  been  verified. 


c.  Planned  Effort 

(U)  During  the  next  quarter,  fabrication  of  all  250K  hardware  and  testing 
of  the  boI id-wall  thrust  chamber  will  be  completed.  The  assembly  of  the 
first  tube-wall  thrust  chamber  and  the  delivery  of  the  hardware  to  the 
test  facility  will  be  accomplished. 


4.  2 OK  SEGMENT  STRUCTURAL  EVALUATION 


(ll)  The  2 OK  segment  chamber  is  being  designed,  manufactured,  and  tested 
to  evaluate  structure,  coding,  fabrication,  and  performance  over  the 
throttling  and  mixture  ratio  range  for  the  demonstrator  module  chamber 
deisgn.  To  satisfy  these  conditions,  a  three-compartment  rectangular  seg¬ 
ment  is  being  constructed.  The  segment  includes  two  subsonic  struts  but 
docs  not  include  the  solid  inner  body  Bpike  or  the  extended  outer  body  shroud. 
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body  extended  shroud,  allows  use  of  a  symmetrical  chamber,  with  one  tube 
design  for  the  inner  and  outer  bodies,  and  will  provide  close  simulation 
of  the  maximum  tube-wall  thermal  stress  which  occurs  in  the  throat  region, 
maxim’un  coolant  bulk  temperature  rise  in  the  high  heat  flux  area  of  the 
throat  and  combustion  chamber,  and  n  close  approximation  of  pressure  loads 
that  will  occur  in  the  250K  module, 

(U)  Three  compartments  with  two  subsonic  struts  represent  the  shortest 
segment  length  required  for  continuous  beam  simulation.  The  rectangular 
combustor  lengths  are  the  equivalent  arc  length  of  the  module  at  the 
throat  diameter,  Th'e  ability  of  the  structure  to  maintain  throat  dimen¬ 
sions  throughout  the  chamber  pressure  range  ainl  with  repeated  firings  will 
be  simulated  very  closely.  Also,  construction  of  all  structural  parts 
will  be  closely  simulated.  The  effects  of  differences  between  the  20K 
segment  and  demonstrator  me  'ule  will  be  analytically  determined  and  used 
to  interpret  the  test  results. 


a.  Status 

(U)  All  drawings  arc  complete.  Figure  87  is  a  perspective  view  of  the 
components  in  their  relation  to  each  other.  The  fabrication  of  all 
components  is  in  process. 


b.  Progress  During  Report  Period 

(U)  During  this  period,  all  detail  and  assembly  drawings  were  completed 
and  loose  hardware  (holts,  nuts,  etc.)  and  purchased  items  were  placed 
on  order. 

(U)  Fabrication  of  all  components  was  initiated.  All  the  tubes  for  the 
first  unit  and  75  percent  of  the  tubes  for  the  second  unit  are  complete. 
Flow  calil  ration  and  metallographic  examination  of  the  finished  tubes 
were  conducted.  Flows  and  pressures  were  uniform  and  tube  quality  was 
excellent. 

(U)  Work  is  progressing  satisfactorily  on  the  initial  braze  subassemblies. 
Four  baffle  seat  subassemblies  (Fig.  88)  are  required  for  each  of  the  two 
20K  segments  being  fabricated;  two  for  each  of  the  contour  walls.  Fabri¬ 
cation  of  the  first  four  units  is  complete.  Two  of  the  four  units  required 
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Figure  87.  Perspective  View  of  the  20K  Segment  Thrust  Chnmber 


Figure  88 •  20K  Se& 


for  the  second  segment  are  in  machining  prior  to  flow  calibration.  One 
additional  unit  has  completed  its  first  furnace  braze  cycle  and  awaits 
leak  checking;  the  last  unit  has  been  assembled  in  preparation  for  its 
initial  cycle.  Two  tube-wall  braze  assemblies  (Fig.  87  ,  each  including 


l\nff  1  o  annf 


u  uuuiouri’u 


segment  wall)  are  being  prepared  for  the  first  20K  assembly.  The  first 
tube-wall  braze  assembly  has  completed  its  first  furnace  braze  cycle 
(Fig.  8^  and  has  been  leak  checked.  It  is  presently  being  prepared  for 


The  second  assouijly  is  curie&tiy  being  prepared 


for  its  initial  braze  cycle. 


(U)  Uased  upon  heat  transfer  data  obtained  in  the  solid-wall  firing  effort 
and  electrically  heated  tubes,  the  demonstration  module  tube  design  has 
been  improved  over  the  earlier  20K  tube  design.  For  comparison  purposes, 
Table  11  has  been  prepared  to  indicate  the  design  differences  and  rosultunt 
wall  temperature  differences  for  the  two  designs.  It  is  observed  that  a 
symmetrical  throat  design  on  the  20K,  simulating  the  outer  body,  with  a 
-series  up-pass  and  down-pass  cooling  arrangement  results  in  the  up-pass 
side  running  above  design  T  of  1430  to  1520  F,  whereas  the  down-pass 
side  operates  at  a  temperature  commensurate  with  the  250K  demonstrator 
modude  design. 

(u)  Tw'o  combustion  baffles  are  utilized  in  the  20K  chamber  segment  (Fig. 
87).  In  addition  to  providing  a  stabilizing  influence  to  the  combustion 
process,  the  baffles  are  designed  to  protect  the  structural  tie-bolts  from 
the  combustion  environment  and  to  transfer  the  chamber  coolant  from  the 
inner  body  to  the  outer  body.  The  baffles  are  regeneratively  cooled  by 
diverting  25  percent  of  the  coolant  from  the  crossover  circuit  through 
passages  within  the  copper  shell  w'hich  surrounds  the  baffle  body.  A 
parametric  heat  transfer  study  for  the  baffle  geometry  at  the  anticipated 
hot  firing  conditions  was  conducted.  The  temperature  distribution  on  the 
hot-gas  side  of  the  20K  baffle  being  fabricated  is  shown  in  Fig.  90. 

(u)  Fabrication  of  component  details  (Fig.  91)  for  the  first  two  baffles 
is  complete,  and  these  units  are  being  assembled  for  furnace  braze.  The 
details  for  tile  remaining  units  are  in  work. 


(u)  Fabrication  is  undei’way  on  all  other  components.  The  first  injector 
bodv  flsapmblv  baa  bp  on  rnmnl  p+.pH  ~f.br  mu?  h  ttib  inr  machining  prior  to  pin  t  ill£T 
and  brazing.  The  injector  strips  for  this  initial  test  unit  are  complete 
and  ready  for  installation  into  the  body.  Unit  No.  2  is  being  rough 
machined  prior  to  welding  of  manifolds,  closeouts,  etc.  Machining  of  the 
strips  is  in  process.  The  two  regeneratively  cooled,  drilled  copper  end 
plates  for  the  first  chamber  segment  are  being  furnace  brazed.  The  com¬ 
ponent  details  prior  to  assembly  for  brazing  are  shown  in  Fig.  92.  Proof 
of  the  numerical  control  tape  for  mil  ing  the  titanium  structural  supports 
has  been  made  on  an  aluminum  trial  block.  Machining  of  the  titanium 
structural  supports  for  the  initial  assembly  is  in  process. 


c.  Problem  Areas  and  Solutions 


(u)  The  nickel  tube-wall  braze  backup  sheet 
prebraze  operation.  Functionally,  the  sheet 


evidenced  distortion  during 
serves  to  provide  a  uniform 
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Figure  <39.  Tube-Wall  Brazed  Assembly 
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to  provide  maximum  curvature  enhancement. 
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Figure  91  •  Daffle  Assemblies 
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adhesive  thickness  and,  therefore,  uniform  strength  of  bond.  However, 
analysis  and  adhesive  sample  tests  have  indicated  that  the  adhesive 
thickness  variations  attendant  to  bonding  directly  to  the  irregular  tube 
bundle  surface  would  not  adversely  affect  the  bond  strength.  Therefore, 
this  sheet  was  eliminated. 

d.  Plans  for  Next  Period 

(U)  During  the  next  period,  fabrication  of  the  initial  2QK  segment  will 
be  completed  and  preparation  for  testing  completed,  test  procedures  will 
be  established,  and  testing  will  be  initiated. 


CONFIDENTIAL 


C.  CONCLUSIONS  AND  RECOMMENDATIONS 

(c)  1.  Stabilized  operation  of  a  copper  tubo-vall  segment  with  a  high- 
performance  injector  from  300-  to  1500-psi  chamber  presBure  and 
a  mixture  ratio  of  5  has  demonstrated  regenerative  cooling  of 
the  Aerospike  chamber  at  these  levels. 

(U)  2.  Successful  completion  of  furnace  braze  of  two  outer  body  and 

two  inner  body  25QK  tube-wall  assemblies  (one  each  on  NASA  SDI 
program)  demonstrates  the  workability  of  this  tooling  and  fab¬ 
rication  procedure.  As  the  demonstrator  module  tube  bundle  is 
designed  to  use  this  same  tooling,  modified  for  detailed  diffei'- 
ences,  it  is  believed  that  a  similar  one-for-one  success  can  be 
achieved  for  that  chamber. 

(u)  3.  Even  though  a  eubstantix 1  weight  reduction  can  be  realized  by 

making  tbe  combustion  chamber  baffles  integral  with  the  injector 
in  the  Demonstrator  Module,  it  is  concluded  that  the  assembly 
and  inspection  ease  afforded  by  separate  baffleB  makes  these  a 
better  selection  for  t!  ■  development  level  engine.  The  lighter 
configuration  will  be  reconsidered  for  flight  engines. 

(u)  4.  Turbine  wheels  assembled  through  curvic  couplings  and  therefore 

easily  replaceable  are  superior  to  the  all-welded  turbines  for 
the  Demonstrator  Module. 
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APPENDIX  A 


THEORETICAL  BASE  BLEED  JrilfcS&UHE 
CORRELATION  TECHNIQUES 


With  e  choking  criteria  to  explain  the  secondary  gas  behavior,  the  change 
in  base  thrust  with  the  addition  cl  secondary  flow  can  be  described  with 
an  equivalent  sonic  nozzle  performance 


r  sonic 

ZF _ 

g 


C*  8 


Ai8  (a~i  ) 


Dividing  Eq.  A— 1  by  the  nozzle  stagnation  chamber  pressure  (p  )  and 
rearranging  terms  leads  to  c 


„  sonic 

PR  cfs  C*  8  Vj 


A 


(A-2) 


substituting 

A, 


for 


g  P, 


and 


for 


the  following  for®  is  obtained 


(A-3) 


Recognizing  that  the  base  pressure  at  a  given  w  /w  ratio  is  equal  to  the 
zero  bleed  base  pressure  plus  the  change  in  base  pressure  caused  by  the 
secondary  flow,  the  following  is  obtained; 


P 

c 


(A-4) 


From  Eq.  A-4  it  can  be  seen  that  the  base  pressure  ratio  PR/P„  depends 
on  both  the  primary  nozzle  aerotliermodynamics/* P^  /pc' 


V 


B'  c 
and  the  ratio 


of  the  secondary  and  primary  gas  properties  and  flowrates. 


With  the  aid  of  the  above  equation,  the  details  of  the  gas  substitution 
principle  can  be  shown  lor  a  generalized  case  where  the  first  condition 
utilizes  primary  gas  as  a  source  of  base  bleed  and  the  second  condition 
utilizes  an  auxiliary  gas  source  as  the  base  bleed.  This  auxiliary  gas 
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could  be  either  a  turbine  exhaust  or  a  cold  gas  of  the  nonactive  type. 
From  this  equation,  it  can  be  seen  that  to  obtain  the  same  base  pressures 
for  both  types  of  bleed  it  is  necessary  to  satisfy  the  following 
relationship! 


bleed 

(A-5) 

s  oni  c 

As  Cp  is  a  weak  function  of  the  gas  properties,  the  bleed  rate  with 

the  auxiliary  bleed  gases  required  to  give  the  same  base  pressure  as  that 
obtained  with  the  primary  bleed  is  given  as 


^c*PA  *  l 


B  WM-J.  V 


p  ' aux  bleed 


/'Vn 

Wi 


primary 


( 


V 

p 


primary  bleed 


''auxiliary  bleed 


(a-6) 


The  above  equation  shows,  that  for  fixed  primary  flow  conditions,  base 
pressure  measurements  can  be  normalized  by  use  of  the  normalized  secondary 
flow  ratio  parameter  (w  /w  )(c*a/c*  ). 


APPENDIX  B 


TABULAR  SUMMARY  OF  2.5K  WATER-COOLED  COPPER  SEGMENT 


(u)  A  complete  listing  of  all  tests  conducted  with  2500~pound-ihru3tt 
water-cooled  copper  segment  is  presented  in  Table  B-l,  The  listing  of 
tests  in  this  table  is  chronological  and  as  such,  represents  an  experi¬ 
ence  summary  with  the  segment  thrust  chamber  concept.  Table B-l  shows 
only  the  pertinent  operating  parmeters  and,  where  appropriate,  explana¬ 
tory  comments  are  included.  Figure  B-l  depicts  the  injector  orifice  pat¬ 
tern  designs  corresponding  to  the  injector  numbers  in  Table  B-l. 
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TABLE  B-l 

TOROIDAL  SEGMENT  THRUST  CHAMBER  PERFORMANCE 
EXPERIENCE  SUMMARY 


Ruu 

No. 

Teat 

Da  to , 
1966 

bjtctnr 

No. 

Dural  tan , 

aecenda 

Throat 
Ar-aa , 
ac  la. 

Tumat, 

pounds 

Ohai&ar 

Pressure, 

p«U 

RUtoT* 

Katie, 

•/* 

Telal 

Weight 

Tlentu, 

lb/aao 

Cannot* 

016 

4-8 

1-U 

0.3 

0-990 

TR 

TR 

TO 

TR 

Injector  strip  euriey  teat  * 

017 

4-8 

1-U 

0.3 

0.990 

TR 

TR 

TO 

TR 

Lnjeoioi  atrip  survey  teat* 

018 

4-21 

2-1A 

0.3 

0.990 

TP. 

TR 

TO 

TO 

Injecter  atrip  lowey  teat* 

019 

4-21 

2-lA 

0.3 

0.990 

TR 

TR 

TR 

TR 

Injecter  atrip  eorvay  teat* 

020 

t-21 

2-U 

0.3 

0-990 

TR 

TR 

TR 

TR 

Injector  atrip  acraey  taet* 

021 

4-27 

2-1A 

0.3 

0.990 

1R 

TR 

TR 

TO 

Injecter  otrlp  aurvey  teat* 

022 

4-27 

2-1A 

0.3 

0.990 

TH 

TP 

TR 

TR 

Injector  atrip  aurvay  teat* 

023 

4-2S 

2-1A 

0.3 

0.990 

TR 

TR 

Til 

TR 

Injeotcr  atrip  survey  teal* 

024 

3-n 

ft-lA 

0.3 

0.990 

TR 

TH 

TR 

Tfl 

Injecter  atrip  aarvej  teat* 

023 

5-13 

5-11 

0.3 

0.990 

Til 

TR 

TR 

TR 

Injecter  el rip  survey  teat* 

026 

5-13 

3-U 

0.3 

0.990 

TR 

TO 

TH 

TR 

Injector  etrip  aurray  tent*  j 

027 

5-21 

2-U 

3-7 

0.990 

937 

641 

5.81 

2.6>8 

Belated  program 

028 

5-21 

2-U 

3-9 

ft. 990 

1413 

971 

6.50 

4.038 

Belated  progrea 

029 

3-21 

2-lA 

3  7 

0-990 

4?0 

306 

5.04 

1.223 

Belated  progrea 

030 

5-21 

2-U 

4.1 

E» 

1900 

1239 

7.01 

5.740 

Hoax  la  throat  e reded,  related  progran 

03J 

5~27 

4 -LA 

0.4 

0.990 

1850 

1364 

9.71 

8,123 

Injecter  erosion  | 

032 

5-31 

1-2A 

0.4 

0.990 

1850 

1614 

7.78 

6.839 

Benb  teat  | 

033 

6-6 

2-1B 

1.3 

0.960 

896 

630 

5-91 

2.545 

i 

ow 

6-6 

2-lB 

4.3 

0.990 

1377 

974 

6.43 

3.947 

1 

035 

6-6 

2-1B 

4.0 

0.980 

450 

323 

5.69 

1.340 

. 

036 

6-6 

4-1A 

4.3 

0.960 

1710 

1189 

6.3« 

vu 

Ceelant  look  into  cadtentlan  ateafcer  | 

037 

6-7 

4-1A 

4.2 

Hi 

910 

613 

6.10 

2.796 

i 

1 

0J8 

6-7 

4-1A 

*•> 

1  EB 

500 

30 

3.31 

0.054 

1 

039 

6-7 

4 -LA 

*■* 

ER 

1240 

764 

6.15 

3-537 

i 

0*0 

6-10 

l  2-1C 

4.2 

IB 

1040 

643 

2.15 

1.232 

! 

OV1 

6-10 

]  2-1C 

3-9 

1  H! 

500 

303 

IT 

IF 

i 

042 

6-10 

2-1C 

1  *.l 

1  m 

1300 

793 

XT 

IF 

£__•£ 

] 

\  4-0 

•  5* 

653 

XT 

IF 

044 

6-13 

2-ID 

1  3.7 

m 

l  310 

354 

6.03 

1.402 

045 

6-13 

2-ID 

4-3 

t» 

i  1023 

633 

If 

IF 

046 

6-16 

2-ID 

4.3 

0.990 

446 

334 

5-79 

1.394 

047 

I  6-16 

2-iz> 

4.4 

0.990 

955 

680 

s.07 

2.753 

O’iB 

*  6-16 

2-1 D 

|  4.3 

0.990 

953 

<45 

5-9* 

2.744 

1  0V9 

1  6-16 

2-ID 

|  4.3 

0.9W0 

920 

65a 

J. 80 

2.653 

050 

2  -IE 

1  4.2 

0.965 

425 

326 

5.39 

1.304 

*  Hoiatert  Projr* 


NOIL: 

Tit  c  traj’iient  dHta,  no  steady  state 

13!  "  noxlr  ttri'lt  eroded,  tb  *o«t  »ru  varied  duiing  teat 
U  -  *-.♦«?  I  f  *o»nate  uAnown  beiauac  of  ooled  vnlei  leak,  into  chaa&ei 
iL  .1  ir><«T  i  inm  tion  failure,  tOX  flowrate  unJ-unvu 
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TABLE  B-l 
(Continued) 


Baa 

M. 

Teal 

Bata, 

1966 

Lajecter 

Mu. 

DuaUa, 

saoauda 

-  — 

Thraat 

Araa, 

la. 

Tkrvct , 

p  eiide 

ChaA.tr 

frtaiiart, 

pale 

hi  1  tore 
lUUa, 
a/f 

fetal 

Waifht 
Flevrat* , 

Ib/aae 

COMMrta 

086 

7-1* 

1-38 

1.4 

O.C*tt 

372 

429 

3.11 

1.013* 

*\ 

007 

?-;e 

1-3B 

1.2 

0.940 

849 

6oe 

5.67 

2.515* 

OSH 

7-81 

1-38 

1-3 

0.940 

410 

317 

3.87 

1.373* 

<M9 

7-21 

1-38 

1.3 

0.940 

030 

3.32 

2.4S9* 

090 

7-22 

1-311 

1.5 

0.940 

347 

412 

5.43 

1.683* 

091 

7-22 

1-38 

1.7 

0.9*0 

505 

3*7 

5- 20 

1.57** 

092 

7-22 

1-3B 

1.0 

0.940 

679 

306 

3.63 

2.104* 

G*a  tap off 

093 

7-27 

1-38 

1.3 

0-940 

964 

633 

5-72 

2.777* 

09* 

7-87 

1-38 

1.4 

ft  940 

929 

67a 

4.96 

a. 77** 

095 

7-87 

1-38 

1.3 

0.950 

937 

698 

6.32 

2.916* 

096 

7-87 

1-38 

1.4 

0.930 

974 

668 

5-74 

2.818* 

097 

7-89 

1-38 

1.0 

0.880 

B66 

705 

5.10 

2.595* 

096 

7-89 

1-3B 

1.8 

0.800 

856 

698 

4.32 

2.505* 

j  099 

7-29 

1-3B 

1-9 

0.880 

092 

709 

6.26 

2.705* 

100 

9-2 

1-3B 

NP 

ND 

“ 

» 

ND 

ND 

I  101 

0-3 

•-a 

3-4 

0.930 

902 

720 

5.2bd 

ay 

Cealant  ltfk  lata  laat- nation  chanter 

1 

102 

8-2 

1-50 

3.; 

0.950 

»3«5 

100. 

.V 

™ 

Caalaat  leak  late  takutiou  ilailar 

103 

« 

1-3B 

3.5 

0.950 

1617 

1169 

5-16* 

m 

Caaiaat  leak  lot*  coAuat.oa  ckaAar 

10* 

8-3 

1-38 

3.6 

a 

1902 

1364 

5.8id 

.,68. 

Noaale  thraat  arerded 

105 

8-3 

1-3B 

3-3 

0.930 

2103 

1491 

6.B94 

6.00lb 

10® 

0-3 

3-2  A 

3.2 

0.950 

2130 

1505 

7.07* 

0.152* 

107 

8-9 

4-18 

3-3 

0.950 

2131 

1504 

8.05* 

0.454* 

10* 

8-9 

4-1B 

3.7 

0.950 

1022 

7*. 

6. 19* 

3.062* 

109 

0-9 

3-1A 

4.4 

0.950 

527 

585 

5.75- 

1.090* 

Related  prof ran 

»Hl»~eeeled  taeta 

110 

M 

5-1A 

O.B 

o.oyi 

2176 

1491 

o-or4 

0.155* 

Related  prograa 

111 

0-12 

3-2A 

4.9 

0.970 

390 

29. 

0.554 

1.289* 

112 

9-12 

3-2A 

4.8 

0.970 

406 

304 

5.5a4 

1.250 

113 

8-12 

5-21 

4.6 

0.970 

1376 

969 

6.08* 

5.902' 

114 

P-12 

3-2A 

3.4 

0.970 

1340 

946 

6.11* 

5.760* 

115 

S-12 

3.4 

IS 

230? 

1562 

0.13* 

6.762b 

Noaala  throat  eroded 

ll& 

8-17 

2-2  A 

ND 

M» 

ND 

Nit 

ND 

ND 

If cl  tar  eat  function 

117 

8-19 

3-aA 

3.9 

0.923 

860 

659’ 

3.12* 

2.505* 

118 

8-19 

s  3--2A 

3.9 

0.923 

074 

.  630 

0.954 

1  2.011* 

119 

8-19 

]  5_2A 

1  *-5 

0.925 

411 

324 

3.90* 

1.203* 

1M 

P-16 

1  3-5* 

1  k-3 

0.955 

390 

31? 

0.<M* 

..215* 

•  -  flaavatc  in.-ludea  gae  Lapeff  I ov 

b  ■  flat  rata  Include a  fLlatviliat  flaw 
e  -  Indicated  metroaubtullen  errer 
d  •  wistur*  r«U*  baaed  so  Injector  flo«r«te» 

NI>  -  oe  data 

MU  -  luUl  flew*1*  uqknevu  becaiiee  of  cooled  hater  leak  i  ulo  th>A»r 
Ri  •»  MHilt  throat  eroded,  throat  aroa  trailed  during  (oat 
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rrnui  V 


B-l 


(Continued) 


Bun 

No. 

T>*t 
Data , 
1966 

Injector 

No. 

Duration, 

•econda 

1  hroat 
Ar#  it, 
«q  in- 

Tbruai , 
pmuidi 

Chamber 
Praaaura, 
p*i  a 

Mixture 

lUttio, 

oft 

Total 
Naight 
Flowrate , 
lli/iac 

Cosaaot* 

121 

H-23 

3-2D 

3*5 

0.92C 

887 

666 

5. 24 11 

2.52bb 

8-23 

5-2B 

2-9 

0.923 

1012 

1049 

3.72d 

3.973S 

l-'5 

0-24 

4-2A 

3.9 

0.925 

838 

655 

5.12d 

2.3291 

124 

8-24 

4 -a  A 

s-f 

0.925 

810 

614 

4.68d 

2.21 4** 

125 

8-1* 

4 -2  A 

2.7 

0.925 

1334 

1003 

5.39d 

3.692’’ 

126 

8-24 

4-2A 

2.0 

0.923 

1782 

1320 

5.16 

4.887 

127 

8-24 

4 -2  A 

2.6 

0,925 

2032 

1492 

6.5,d 

5.671b 

Sequence  malfunction 

128 

8 -JO 

4 -2  A 

ND 

Q.925 

ND 

ND 

ND 

ND 

129 

8-2b 

4-2A 

1.7 

0.935 

1251 

982 

5-39d 

3.426 

no 

H-26 

3-211 

1.7 

0.935 

1020 

762 

5.88d 

2.999 

J 

1  ns 

8-31 

4 -2  A 

2.2 

0.925 

401 

326 

4.53 

1.30b 

134 

8-31 

4-JA 

2.5 

0.925 

411 

330 

4.60 

1.330 

175 

8-31 

4 -2  A 

1.8 

0.925 

V7» 

533 

6.41 

1.379 

j 

156 

8-31 

4 -2  A 

2.4 

0.925 

1261 

909 

4.97 

3-579 

1 

157 

8-3 1 

4-24 

2.6 

0.925 

1264 

988 

6.58 

3-791 

i 

138 

9-1 

4-2B 

1.7 

0.925 

1,  ij) 

3.45 

1.370 

j  179 

9-1 

1.6 

o.9?5 

1239 

9-j6 

5.23 

3-636 

■ 

1  no 

9-* 

4-2P 

1.9 

0.925 

490 

53'' 

5.52 

1.382 

i 

1 

|  HI 

9-6 

4 -2D 

2.0 

(1.925 

372 

319 

4.88 

1.228 

j  H2 

9-6 

4-2E 

1.6 

0.9*5 

373 

315 

4.45 

1.145 

I  US 

9-6 

4-2fc 

ND 

0.925 

ND 

ND 

ND 

ND 

i 

1  Ik* 

9-6 

4-2K 

1.9 

0.925 

448 

320 

5.68 

»-3'J7 

j  169 

9.2.. 

4-2u 

1.3 

0.923 

442 

3.-V 

4.!'. 

1.164 

Vk»x. 

176 

9 -hi 

4-26 

l.s 

0.925 

MS 

34  i 

5.4  7 

1.234 

!  17: 

9 -JO 

4-20 

1.3 

C-.9::5 

46 1 

37-* 

1.361 

1 172 

y-jf. 

4-2C 

1.5 

0.925 

813 

645 

5.y« 

r...'26 

■ 

i 

U  -26 

4-2P 

••• 

O.Sl’7 

1100 

871 

D.V'i 

3.046 

1 

1  u* 

9-26 

4-20 

is 

O.924 

487 

397 

6 .9~< 

l.’U'. 

i 

!  i-> 

9-2? 

4-25 

1.3 

0.925 

37? 

316 

5  27 

1.142 

! 

;  I  To 

9-28 

4  20 

2.3 

U.925 

377 

316 

5.07 

1 .  uyu 

1  >" 

9-28 

1-23 

2.3 

0.925 

378 

316 

5.0:1 

i  1.097  i 

j  17b 

9-28 

4 -20 

2.4 

0.929 

390 

321 

5-35 

i  no  i 

1  179 

y-28 

4-26 

2.4 

0.925 

385 

315 

6.97 

1  *■>••*>  I 

I  180 

9-J-* 

4-2G 

2U 

0.925 

2005 

W 

5.90 

1  5- >60  i 

L _ 

j  181 

|  9-S‘J 

|  4-20 

0.925 

1377 

1C68 

1  >-?5 

i  3.W.- 

NOT  I. 

t  »  flewTn#  Ci  Im-  -eolnr.1  1  lot* 

il  »  ■ijrlnre  ro'io  turned  un  mjacior  flomaUi 

ND  »  up  villa 
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TABLE  6-1 
(Concluded) 


In tsctor 


Duration, 

seconds 


Chaabor  | 
Pressure,  I 


3.925 
0.925 
0.925 
0.925 
ND 
]  KD 
j  ND 
I  0.970 
j  0.970 
;  0.970 
|  0.970 
0.970 


Gnu  tapoff 

1  Facility  Malfunction 

>  Ft  la  cooled 

^ Ga»  tapoff 

• 

flcvtJt#  includes  fi  la-coolant  flow 
Bixtunt  ratio  based  on  injoctor  flovrataa 


.  1-2A 


Figure  3-1.  Injector  Orifice  Pattern  Designs 


IE,  ADDED  SIDE 


m 


4\1 


DASH  NUMBER 

MODIFICATION 

-IB 

ENLARGED  FUEL  ORIFICE  TO  0.066-INCH  DIAMETER, 

ADDED  0.031-INCH  DIAMETER  FUEL  BIAS 

-1C 

ENLARGED  FUEL  BIAS  TO  0.042  DIAMETER 

-ID 

ENLARGED  FUEL  ORIFICES  TO  0.070  DIAMETER 

-IE 

PLUGGED  FUEL  BIAS  AT  FUEL  STRIP  ENDS,  ADDED  SIDE 

BiAS  ORIFICES 

-IF 

PL  UGGED  SIDE  BIAS  ORIFICES 

-1G 

DRILLED  FUEL  STRIP  END  ORIFICE  FROM  0.070-INCH 
DIAMETER  TO  .0995-INCH  DIAMETER 

Figure  B-l  (Continued) 
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INJECTOR  NO.  4-U  TO  4-1B 
8  ELEMENTS  PER  STRIP 
4  STRIPS  PER  SEGMENT 


INJECTOR 


A  DIVISION  OF  NORTH  AMIRICIN  AVIATION 


INJECTOR  NOS.  6-1 A  TO  6-ID 


-IB  PLUGGED  THREE  LOX  ORIFICES  AT  TAPOFF  LOCATION 


-1C  ADDED  TWO  0.070-INCH-DIAMETER  TAPOFF  BIAS  ORIFICES 


-ID  ENLARGED  TAPOFF  BIAS  TO  0.0935-INCH-DIAMETER 


Figure  B-l.  (Concluded) 
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and  cooling  evaluations  is  also  in  progress. 
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